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In-line process analyzers are essen-
tial for the implementation of Quality 
by Design concept into pharmaceu-
tical manufacturing. In this thesis, 
acoustic emission technique was used 
to predict particle size distribution 
and moisture content during fluid-
ized bed spray granulation process. 
In addition, the technique could be 
applied as an early-warning system 
for process deviations. Calibration 
of the predictive models required 
the determination of granule growth 
mechanics.
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ABSTRACT 
 
Wet granulation is an integral unit operation in the manufacturing of many pharmaceutical 
solid forms. Despite its importance, the process has long been empirical and the end-
product quality has relied on the experience of the operator. In 2003, the U. S. Food and 
Drug Administration launched an initiative with the aim of modernizing the regulation and 
quality of pharmaceutical manufacturing. One reason for this initiative was to encourage a 
paradigm shift towards Quality by Design (QbD). In-line process analyzers are considered 
essential for successful implementation of QbD. 
The objective of this study was to develop an in-line process analyzer based on a passive 
acoustic emission (AE) technique for a laboratory scale fluidized bed spray granulation 
(FBSG) process. The specific aims included model calibration to match the AE data with 
granule size distribution (GSD) and granule moisture content.  
First, the suitability of the AE technique for determination of granule water content and 
mean particle size during FBSG process was evaluated. By combining AE data and the 
information from process variable measurements, granule moisture content could be 
determined with a PLS regression. In addition, dry granules of different sizes could be 
qualitatively classified from their AE spectra. Moreover, the mean particle size of blends 
could be estimated. Next, a predictive N-PLS model for the 25% quartile of cumulative end-
product GSD was developed using the spectra recorded during the nucleation. The length 
of the nucleation phase was determined and in addition, covariance between granule 
structure and drug content was assessed. Drug content inhomogeneity at low saturation 
levels was caused by segregation of the primary particles. After a certain saturation level 
was reached, the granule growth mechanism changed, altering the intragranular structure. 
This change promoted a more homogenous distribution of the drug. In the study, 
inhomogeneity by solute migration was shown to be caused by the product drying rate. The 
solute migrated towards the granule outer crust at low drying rates, which also affected the 
dry granule strength. Drying at higher rate halted solute migration, or inverted the flow 
towards the granule core. Finally, the information regarding the duration of the nucleation 
period and different granule growth mechanisms was used in the PLS calibration from the 
AE data. The GSD could be predicted with good accuracy and precision. In addition, early-
warning of process deviations could be obtained. 
In conclusion, the AE technique could be used to predict GSD and granule moisture 
content, and applied as an early-warning system for process deviations. However, off-line 
analytics were essential for the improvement of process understanding in order to allow 
proper model calibration.  
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TIIVISTELMÄ 
 
Märkärakeistus on keskeinen osa monien farmaseuttisten kiinteiden lääkevalmisteiden 
tuotantoa. Tästä huolimatta märkärakeistus on pitkään ollut empiiristä ja tuotteen laatu on 
rakentunut koneen käyttäjän kokemuksen varaan. 2000-luvun alusta lähtien prosessin 
mallinnus ja heuristiset prosessikuvaukset ovat mahdollistaneet tieteellisemmän 
lähestymistavan. Samoihin aikoihin Yhdysvaltain elintarvike- ja lääkevirasto käynnisti 
hankkeen, jonka tarkoituksena on nykyaikaistaa lääketuotannon säännöstelyä sekä 
lääketuotteiden laadun varmistusta. Hankkeen osatavoitteena on rohkaista valmistajia ns. 
Quality by Design –tuotannon (QbD) kehittämiseen. Prosessin ns. in-line mittauslaitteet 
ovat oleellisia QbD:n mukaisen tuotannon käyttöönotossa. 
Tämän tutkimuksen tavoitteena oli kehittää passiiviseen akustiseen emissioon (AE) 
perustuva in-line mittausjärjestelmä laboratoriomittakaavan leijupetirakeistus-prosessiin. 
Yksityiskohtaisina tavoitteina oli rakeiden kokojakaumaa ja kosteuspitoisuutta ennustavien 
mallien kalibrointi AE-mittausdatan avulla. 
Tutkimuksen aluksi tutkittiin AE-tekniikan soveltuvuutta kosteuspitoisuuden ja 
partikkeleiden keskikoon mittaamiseen. Kosteuspitoisuus kyettiin määrittämään 
rakentamalla PLS-regressiomalli AE-datan ja fysikaalisten prosessimittausten avulla. Sen 
lisäksi leijutettujen rakeiden koko kyettiin luokittelemaan AE-spektrien avulla ja raeseosten 
keskikoko kyettiin arvioimaan. Seuraavaksi kehitettiin N-PLS-malli ennustamaan 
kumulatiivisen raekokojakauman 1. kvartiilia ydintymisvaiheessa mitattujen AE-spektrien 
avulla.  Ydintymisvaiheen kesto määritettiin. Lisäksi havaittiin, että rakeiden sisärakenteen 
ja lääkeainepitoisuuden vaihtelut korreloivat. Kun systeemin kyllästymisaste on alhainen, 
lääkeaineen epähomogeeninen jakautuminen johtuu partikkeleiden segregaatiosta. Kun 
tietty kyllästymisaste on saavutettu, rakeiden kasvumekanismi ja sen myötä sisärakenne 
muuttuvat, mikä suosii komponenttien homogeenistä jakautumista. Myös kuivausvaiheen 
nopeus vaikuttaa liuenneen partikkelin epähomogeeniseen jakautumiseen. Hidas 
kuivuminen siirtää liuennutta ainetta kohti rakeen kuorta, mikä vaikuttaa myös rakeen 
kestävyyteen. Nopea kuivuminen pysäyttää liuenneen aineen liikkeen tai kääntää sen kohti 
rakeen ydintä. Ydintymisvaiheesta ja rakeiden kasvumekanismeista saatua tietoa 
hyödynnettiin PLS-regressiomallin rakentamisessa AE-datan ja raekokojakauman välille.  
Prosessin aikainen raekokojakauma kyettiin ennustamaan hyvällä tarkkuudella. Sen lisäksi 
mallia kyettiin hyödyntämään ei-toivottujen prosessimuutosten ennakoinnissa.  
Yhteenvetona voidaan todeta, että AE-menetelmää voidaan käyttää rakeiden 
kokojakauman ja kosteuspitoisuuden ennustamiseen sekä prosessimuutosten 
ennakoimiseen. 
 
Luokitus: QT 36, QV 778, QV 786 
Yleinen suomalainen asiasanasto: farmasian teknologia; rakeistus; hiukkaset; kuivaus; vesipitoisuus; 
akustiikka; laadunvalvonta 
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1 Introduction 
The main objective of all manufacturing processes is to obtain a high quality end-product 
since variations in the quality can make the product unsuitable for its intended use and this 
can increase costs due to product recalls or the need for reprocessing. With regard to 
pharmaceutical manufacturing, variations in the product quality may also induce serious 
health risks for the patient (U.S. Department of Health and Human Services, Food and Drug 
Administration 2004A). Since the general population is not able to assess the quality of a 
pharmaceutical product, strict regulatory systems are needed to ensure consumer and 
patient safety. However, due to the very same regulations, pharmaceutical manufacturing is 
lagging behind other industries in terms of efficiency and quality (Hinz 2006). 
Pharmaceutical processes are generally poorly understood (Leuenberger and Lanz, 2005), 
with the operations being based more on regulatory compliance rather than on scienctific 
principles (Munson et al. 2006). The high product rejection rates and the increasing trend 
that manufacturing-related problems are the root cause for product recalls (Wu et al. 2007) 
have triggered manufacturing improvements and modernization. 
In 2002, the U.S. Department of Health and Human Services, Food and Drug 
Administration (FDA) issued their proposals for Pharmaceutical cGMPs for the 21st 
Century – A Risk Based Approach initiative aiming for a paradigm shift in quality 
assessment (the U.S. Department of Health and Human Services, Food and Drug 
Administration 2004). The quality regulations still used in the pharmaceutical industry are 
based upon a 20th century approach involving time-intensive laboratory testing which are 
prone to errors due to misrepresentative sampling and inaccuracies in the test 
methodologies (Berman and Planchard 1995, Muzzio et al. 2003), while in petroleum and 
other chemical industries, the need for process understanding, robust process models and 
statistical process control have been recognized as key elements in end-product quality 
control for more than 40 years (Lee and Weekman 1976, Kourti 2006). To further support the 
employment of such science- and risk-based quality assessment systems within the 
pharmaceutical industry, the FDA issued a guidance for the regulatory framework 
describing voluntary development of pharmaceutical manufacturing process design, 
process control and quality assurance. The guidance, called PAT — A Framework for 
Innovative Pharmaceutical Development, Manufacturing, and Quality Assurance, contains 
recommendations for integrating science and engineering principles and tools into 
pharmaceutical manufacturing with the ultimate goal of attaining a high end-product 
quality by design rather than as a measured property (U.S. Department of Health and 
Human Services, Food and Drug Administration 2004B).  
According to the PAT initiative, consistent manufacturing of quality products can be 
ensured by designing well-understood processes. A process can be considered to be well-
understood, when “all critical sources of variability are identified and explained”, 
“variability is managed by the process” and “product quality attributes can be accurately 
and reliably predicted over the design space” (U.S. Department of Health and Human 
Services, Food and Drug Administration 2004B). The acronym PAT stands for Process 
Analytical Technology, and in many PAT-projects much of the emphasis is placed on 
developing new analytical techniques. By obtaining real-time (according to the IUPAC 
definition being synchronal with physical evolution) process data, information on the 
interactions between process parameters and product quality attributes can be extracted 
with suitable data-mining techniques and thus process understanding and ultimately 
control can be  achieved (Kourti 2005, Munson et al. 2006).  
Tablets and capsules are the most patient-friendly dosage forms due to the convenience 
of oral administration of the drug (Andrews 2007). In addition, they are chemically and 
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physically stable, and the manufacturing is cost effective (Angell 2004, Maggon 2005, 
McCormick 2005). However, direct compression of the tablet is not usually possible because 
of poor flow and compression characteristics of the powder blend (Schmidt et al. 1994, 
Taylor et al. 2000). To improve the tabletting properties, the primary powder blend is often 
agglomerated (Kidokoro et al. 2002, Shi et al. 2011A). The agglomeration process, also called 
granulation, increases the mean particle size of the powder blend by adhering particles 
together into a permanent aggregate, i.e. granule. The improved flowability reduces 
variation in the tablet mass. In addition, granulation improves the powder blend binding 
properties, and the manufacturing of stronger tablets becomes feasible. Although often a 
necessary step, the granulation process is the bottleneck in solid dosage form 
manufacturing. Since it is a batch process in what is otherwise a continuously 
implementable manufacturing line, granulation is subject to batch-to-batch variations due to 
differences in primary particle size distributions and seasonal changes in the ambient 
conditions (Lipsanen et al. 2007, Hagsten et al. 2008). In addition, the process is difficult to 
control due to strongly interrelated product parameters and process variables (Lövgren and 
Lundberg 1987, Inghelbrecht and Remon 1998, Rambali et al. 2001, Hemati et al. 2003, 
Dumarey et al. 2011, Mašić et al. 2012). In the wake of the FDA’s PAT initiative, the need for 
monitoring and ultimately control of wet granulation processes and granule critical quality 
attributes has become apparent (Scott and Wilcock 2006). However, this objective is 
impeded not only by the complex interplay of material and process variables, but also by 
the monitoring techniques and solutions themselves. While the wet granulation process 
itself is generally approached with a systems perspective, process analyzers and other PAT 
solutions are often based on reductionistic approaches. 
The aim of this study was to develop an in-line monitoring method for fluidized bed 
spray granulation process utilizing a passive acoustic emission technique. In addition to 
creating calibration models for measuring the evolution of two granule critical quality 
attributes, i.e. granule size distribution and moisture content, model calibration for early 
detection of out-of-control situations was performed. As part of the successful development 
of the calibration models, process understanding was improved by first identifying granule 
growth regimes and different granule growth mechanisms during the fluidized bed spray 
granulation process. Granule structure and component distribution during spraying and 
drying phases were examined for the assessment of granule growth behavior during the 
process. As a whole, the PAT approach for fluidized bed spray granulation process 
consisted of improving process understanding which was followed by the development of a 
monitoring method. In the background of the study, the wet granulation process is 
described at a mechanistical level, followed by descriptions of the process and material 
parameter effects. Next, pharmaceutical product quality testing paradigm and PAT 
applications for pharmaceutical wet granulation process are presented with brief 
descriptions of some of the most common chemometric methods. Finally, problems 
encountered with many PAT applications will be discussed. 
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2 Background to the Study 
2.1 WET GRANULATION 
Commonly used pharmaceutical excipient and drug powders have a wide variety of 
chemical and physical properties, and many of them are not suited for direct compression 
due to poor flow and compression characteristics (Whiteman and Yarwood 1988, Schmidt et 
al. 1994, Casalderrey et al. 2000, Taylor et al. 2000). In addition, the segregation of 
constituents can become a serious problem whilst handling dry powder mixtures or blends 
(Muzzio et al. 1997). Therefore, in an attempt to improve the tabletability or capsule filling 
properties of powder blends, or improve powder blend homogeneity, it is usually necessary 
to agglomerate the primary particle blend (Badawy et al. 2000, Kidokoro et al. 2002, Shi et al. 
2011A). The agglomeration, or granulation, is a process for increasing the mean particle size 
by adhering particles together into a permanent aggregate in which the original particles 
can still be identified. Granulation can be carried out either in a wet or a dry system, of 
which the former is more popular. Wet granulation is still operated mainly as a batch 
process in pharmaceutical industry, even though continuous wet granulators are becoming 
more commonly available (Leuenberger et al. 2003).  
2.1.1 Granule growth and growth mechanisms 
The agglomeration, or granule growth, occurs when a liquid binder is introduced into an 
agitated powder blend. The liquid can be poured, sprayed or added as a melt. Liquid 
addition by pouring generally requires intense agitation, or shear forces produced in high 
shear mixer granulators (Bardin et al. 2004, Tardos et al. 2004), which are needed to break 
lumps and distribute the binder liquid in a homogenous manner (Chitu et al. 2011). 
However, liquid addition by spraying or atomizing gives a better control of the granulation 
process regardless of the agitation method (Schaafsma et al. 2000, Litster et al. 2001, 
Abberger et al. 2002, Gluba et al. 2003, Hapgood et al. 2004). Agitation of the wetted 
particles can be carried out in several ways e.g. in a high shear mixer, a fluidized bed or a 
tumbling drum. Each method has its own distinctive agitation characteristics, which affect 
the granule structure and mechanical properties  (see e.g. Horisawa et al. 2000, Scott et al. 
2000, Wauters et al. 2002,  Hausman 2004, Schæfer et al. 2004, Ramachandran et al. 2008, 
Wang et al. 2008, Benali et al. 2009, Chevalier et al. 2009,  Osborne et al. 2011). 
2.1.1.1 Wetting and nucleation  
Regardless of the agitation or binder addition method, wet granulation is considered to be a 
combination of three rate processes (Iveson et al. 2001A). These rate processes are (1) 
wetting and nucleation, (2) granule growth and consolidation and (3) attrition and breakage 
(Fig.  2.1). The rate processes overlap, and occur simultaneously in different parts of the 
powder bed. It is merely the probability of occurrence of each sub-process which changes 
during the granulation process, and also between different types of process equipment. 
During the wetting and nucleation, the binder comes into contact with the powder blend 
particles and the first granule nuclei are formed. If the primary particle is larger than the 
binder droplet, the binder spreads over the particle surface (Fig. 2.1 A) (Schæfer T, 
Mathiesen 1996, Abberger et al. 2002). Collision of wetted particles leads to the formation of 
a nuclei of high porosity with entrapped air. On the contrary, if the primary particles are 
smaller than the binder droplets, the nuclei are formed by immersion of particles into the 
droplet (Fig 2.1 B). These nuclei have saturated voids. In addition to the particle size to 
binder droplet size ratio, the nuclei formation is governed by binder viscosity and interfacial 
energies of the components (Gluba 2003, Hapgood et al. 2003, Simons et al. 2004, Hapgood 
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and Khanmohammadi 2009, Kayrak-Talay and Litster 2011, Shi et al. 2011B). Even though 
the nuclei formation mechanisms have been studied mostly on melt agglomeration systems, 
the nuclei formation is generally thought to occur in a similar fashion in other wet 
granulation systems. 
 
 
Figure 2.1. Granulation rate processes. A: Small binder droplets lead to particle wetting by 
Distribution mechanism. B: Large binder droplets lead to particle wetting by Immersion. 
2.1.1.2 Growth and consolidation 
Granule growth occurs when particles and/or granules (or initial nuclei) collide with each 
other, and the particles’ kinetic energy is dissipated either by plastic deformation or by 
viscous effect of the liquid layer on the granule surface (Iveson et al. 2001B, Wauters et al. 
2002). If the energy is not dissipated, the collision will result in a rebound of the particles. 
Two types of granule growth are possible (Fig. 2.2). Type I occurs when granule collision 
velocity (u0) is reduced to zero by the viscous liquid layer squeezed out as the granules start 
to come into contact (Fig. 2.2 B) (Liu et al. 2000). If the collision velocity is high enough, the 
liquid layer alone cannot dissipate the kinetic energy (Gantt et al. 2005). The remaining 
impact velocity (u1) brings granule surfaces into contact (Fig. 2.2 C), which causes 
deformation in the granule structure (Fig. 2.2 D). Some of the energy is lost in plastic 
deformation, while a portion is converted to elastic energy. When the elastic energy is 
released (with a velocity of u2), the granules begin to separate (Fig. 2.2 E). At this point, the 
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viscous forces act to retain the granule movement. Type II coalescence occurs if the kinetic 
energy is totally dissipated during this separation stage (u3 = 0). Otherwise, the particle 
collision will result in a rebound (Fig. 2.2 F). Although viscous forces are the main 
proponent for type II coalescence as well, plastic deformation of the granules can occur, 
which reduces the rebound velocity. The capillary forces are generally considered negligible 
in dynamic systems. 
 
 
Figure 2.2. Granule coalescence. A: Particles with a liquid layer with a thickness of h0 approach 
each other with a velocity of u0. B: Liquid layers touch and merge at a separation distance of 
2h0. C: As the particle surfaces come into contact, the liquid layer is squeezed out, dissipating 
kinetic energy and reducing impact velocity to u1. Type I coalescence occurs when u1 = 0. D: 
Particles begin to deform elastically and plastically. The energy stored in the elastic deformation 
is released as kinetic energy, causing particle separation with a velocity of u2. E: Type II 
coalescence occurs if particle separation velocity u3 is reduced to zero before a liquid layer 
separation distance of 2h0. F: Particles rebound with a velocity of u3. Adapted from Liu et al. 
2000. 
 
During the processing, granules are subject to consolidation due to their impacts with 
other granules and chamber walls, and the impeller blades in the case of high shear mixer 
granulation (Podczeck and Wood 2003, Ohno et al. 2007). Consolidation, or densification, 
reduces the granule size and porosity. This is only possible when the granule is plastically 
deformable under external compressive forces (Podczeck et al. 2003). The prerequisite is that 
the liquid bridges inside the granule are mobile. At low liquid saturation levels, the mobility 
of individual particles is restricted due to the frictional and viscous forces exerted by 
pendular and funicular bridges (Fig. 2.3).  
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Figure 2.3. Granule saturation stages. A: Pendular state, during which interparticle voids are 
empty. B: Funicular state with partially filled interparticle voids. C: Capillary state, with fully 
saturated voids. 
 
However, when the intragranular pores are filled (i.e. a capillary state is reached), a 
disjoining pressure starts to develop inside the granule, allowing for particle rearrangement 
(Urso et al. 1999). Furthermore, the binder liquid can act as a lubricant which reduces 
interparticle friction. As the granule consolidates, a reduction in the porosity may squeeze  
binder liquid out onto the granule surface, which can induce further granule growth (Iveson 
and Litster 1998A). Consolidation is hindered by continuing breakage and coalescence of 
fragments if binder liquid is readily available at the fragments surfaces (Bouwman et al. 
2005). 
2.1.1.3 Granule breakage and attrition 
At the same time as they are undergoing growth and consolidation, granules also 
experience size reduction due to breakage and attrition (Shamlou et al. 1990, van den Dries 
et al. 2003, Weber et al. 2006, Nieuwmeyer et al. 2007A, Ahmadian et al. 2011). Granule 
breakage can occur due to chemical, thermal or particle bed dynamics induced stresses 
(Shamlou et al. 1990). In the manufacturing of pharmaceutical solids dosage forms,  particles 
are chemically inert (i.e. catalysts are not used), and the conditions are usually isothermal, 
especially in fluidized beds. Therefore, the main reason for particle breakage during 
granulation is the particle bed dynamics induced contact stresses. These contact stresses 
arise either from shear or granule-granule and granule-machine part collisions, with impact 
being the predominant mechanism (van den Dries et al. 2003). In high shear mixer 
granulators, collisions with the impeller and chopper blades are the main cause for granule 
breakage, whereas in fluidized bed and drum granulators, granule-granule collisions in the 
bulk core are the main causes of the granule breakage (Shamlou et al. 1990). Collisions to 
chamber walls are less significant. Granule breakage or attrition occurs if the impact or 
shear force experienced by the granule is higher than the net effect of capillary and viscous 
forces conserving the wet granule structure (Reynolds et al. 2005). At high disruptive forces, 
breakage occurs by chipping or complete fragmentation of the granule. Lower impact forces 
erode smaller particles from the granule surface layer. This attrition rounds off irregular 
shapes and gradually makes the granules more spherical.  
2.1.2 The effect of process variables and material parameters on granule formation 
Granule growth behavior is the result of the competing rate processes (Cheng and Hsiau 
2010, Le et al. 2011), whose likelihood depends on a complex interaction of process variables 
and material parameters (Rambali et al. 2001, Hemati et al. 2003, Bouffard et al. 2005, 
Cavinato et al. 2010, Shi et al. 2011A, Mangwandi et al. 2012,  Mašić et al. 2012).  However, 
despite the multivariate nature of the interactions, the effect of both process variables and 
material parameters on each rate process have been studied extensively, and a 
comprehensive view on wet granulation mechanics is generally accessible.  
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2.1.2.1 The effect of material parameters on wetting and nucleation 
The particle binding force in wet granulation is the binder solvent, most often water. The 
nuclei formation starts when the liquid comes into contact with the particle surface. Upon 
contact, the liquid may spread over the solid and create a liquid film or layer over the 
particle, or the solid may spread, i.e. adhere to the liquid (Planišek et al. 2000, Hapgood et 
al. 2009).  
 
 
Figure 2.4. Particle wetting and nuclei formation as a function of the contact angle (θ) between 
liquid binder and solid surface. A: Nuclei formation by the Distribution mechanism. B: Nuclei 
formation by the Immersion mechanism. Adapted from Hapgood et al. 2009. 
 
The wetting of the particle depends on the surface tensions of the components (Fig 2.4). If 
both the liquid and solid have high works of cohesion, and low work of adhesion, the liquid 
does not spread and the particle will not become wetted. However, a low interfacial tension 
between the liquid binder and the solid is able to promote liquid spreading (Hemati et al. 
2003). The work of adhesion (WA) is expressed as (Eq. 2.1) (Iveson et al. 2001B): 
 
WA= γSV+γLV-γSL       (2.1) 
 
where γSV is the surface-free energy of solid-vapor phase interface, γLV is the surface-free 
energy of liquid-vapor interface and γSL is the surface-free energy of solid-liquid interface. 
By substituting Young-Dupre equation (Eq. 2.2) : 
 
γSV=γLV cosθ+γSL       (2.2) 
 
where θ is the solid-liquid contact angle, the work of adhesion can be expressed as (Eq. 2.3):  
 
WA= γLV(cosθ+1)       (2.3) 
 
If the primary particles are larger than the liquid droplet, the liquid can be distributed over 
the particle surface as a thin layer (Abberger et al. 2002). Successful collisions with other 
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(surface wet) particles lead to the formation of the nuclei, and the resulting granules will be 
dense and nonfriable. If the binder droplet is significantly larger than the primary particles, 
the solids can become immersed inside the droplet. However, if the interfacial tension is 
high, i.e. the contact angle θ > 90°, droplets do not spread over the particle surface and thus 
the coalescence and nuclei formation are limited. This will produce porous and more friable 
granules, which are held together mostly through the cohesive interactions of the binder 
(Planinšek et al. 2000). In this case, the granule strength depends on the binder (polymer) 
concentration (Bika et al. 2005). If the primary particles are smaller than the liquid droplet, 
the agglomeration occurs via solid spread nucleation during which the hydrophobic solid 
particles spread around the drop during agitation (Schæfer and Mathiesen 1996). If one can 
reduce the surface tension of the liquid (e.g. by using surfactants) this will improve the 
binder liquid distribution (Hemati et al. 2003, Simons et al. 2005). 
Alongside the wetting thermodynamics, nuclei formation is controlled by wetting 
kinetics and binder dispersion, which are functions of the process variables (Hapgood et al. 
2003). The nuclei formation kinetics is governed by the particle velocity (which is a function 
of the fluidization gas velocity, or drum/impeller speed) and the liquid addition rate (Litster 
et al. 2001). At high particle velocities and low liquid addition rates, each nuclei is formed 
from one drop only. If the powder flux through the spray or wetting zone is low, binder 
droplets will merge and the resulting nuclei will have a broad size distribution (Schaafsma 
et al. 2000). However, if the drop penetration time to the powder bed is low (in the case of 
high shear wet granulation), the probability for droplet overlap increases despite the 
powder or spray flux. Low contact angle and low viscous liquids penetrate fast (Hapgood et 
al. 2002). It must be also noted, that the powder bed is always in motion, and large 
intergranular pores, or macrovoids, can be present at any time. These effectively halt liquid 
movement due to the increased radii of curvatures. As the pore size increases, the liquid 
capillary pressure, and hence the driving force behind the liquid movement, decreases 
significantly as the pore radius of the curvature increases. Therefore a decrease in the liquid 
surface tension will increase the penetration time as well. However, since low surface 
tension liquids form small volume droplets, the net effect of reducing surface tension on 
penetration time is only very small. Since small particles pack closely, a small primary 
particle size of the powder blend will increase the binder penetration and dispersion into 
the powder bed, yielding a narrower nuclei size distribution (Zhai et al. 2009). Lastly, 
increasing the spray nozzle pressure, i.e. decreasing the droplet size, increases the 
penetration time as smaller liquid volume needs less time to penetrate the powder bed 
(Litster et al. 2001). The effect of process variables and product parameters on nuclei 
formation is conceptualized by Hapgood et al. (2003) with a nucleation regime map (Fig. 
2.5). The nucleation is depicted as a function of a dimensionless spray flux (Ψa) and 
dimensionless drop penetration time (τp). The spray flux is an equipment independent 
parameter describing the joint effect of powder flow rate, binder flow rate and binder drop 
size on the wetting and nucleation (Litster et al. 2001), whereas the dimensionless drop 
penetration time is the ratio of the estimated drop penetration time on the porous powder to 
the powder bed circulation time (Hapgood et al. 2003).  
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Figure 2.5. Nucleation regime map. τp is the ratio of drop penetration time to nuclei circulation 
time. Ψa is the dimensionless spray flux, i.e. the amount of wetted area on the powder surface 
area traversing through the spray zone. Adapted from Hapgood et al. 2003. 
 
Nucleation is ideal in the Drop Controlled regime, where one drop forms one nuclei. In 
the Mechanical dispersion regime, poor wetting characteristics or high spray flux leads to 
overlapping droplets, which broadens the nuclei size distribution. The binder dispersion 
and thus the nuclei properties depend on the intensity of the agitation. In the intermediate 
regime, the nucleation is very sensitive to any changes or disturbances in the process  
2.1.2.2 The effect of material parameters on granule strength, growth and consolidation 
After the initial nuclei are formed, the granule behavior is thereafter governed by its 
mechanical strength. Granule growth occurs only when the initial bond formed between 
two colliding particles is strong enough for dissipating the impacts of kinetic energy. In 
addition, the bond must be resistant to any subsequent collisions, otherwise the granule will 
break into smaller fragments or attrites. Therefore the effect of material parameters on 
granule growth, consolidation and breakage behavior are usually in practice examined 
through their effect on granule strength. As already noted in Chapter 2.1.1, the binder liquid 
viscosity is a significant factor affecting the granule growth. However, when low viscous or 
non-viscous binders are used, the surface tension becomes gradually more important in 
governing granule strength. Until granules become fully saturated, the particles are held 
together only by capillary forces (Iveson and Litster 1998A). Increasing the binder surface 
tension elevates the capillary suction pressure and thus the granule yield stress. However, 
the liquid bridges at pendular, funicular and capillary states are mobile and a displacement 
of these bridges does not exert any energy costs to the system (Valencia et al. 2001). This 
allows some plastic deformation in the agglomerate structure, which promotes type II 
coalescence (Abberger 2001, Weber et al. 2006).  
In addition to the surface tension, the wettability of non-viscous binders can also affect 
the granule strength as well. Low contact angle binders have a higher work of adhesion 
between the liquid and solid components than high contact angle binders (Zhang et al. 2002, 
Cai and Bhushan 2008). In fact, the capillary forces become repulsive with high contact 
angle binders (θ > 90°). In addition, in a powder blend of two or more solid components 
with different contact angles, the magnitude of the adhesion force lies between the values of 
the individual contact angles. The static capillary force decreases when pore saturation 
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increases, and may become repulsive when the capillary state is reached due to positive 
Laplace pressure (Urso et al. 1999). 
Moreover, the solubility of the solid particles to binder liquid affects the granule strength 
(Bika et al. 2005). During the fluidized bed wet granulation, the liquid bridges will become 
dry during the process. Co-prepicitation of the binder polymer with the primary particle 
produces solid bridges whose strength depends on the binder and particle adhesion and  
thus this is material dependent.  However, with non-soluble primary particles, the bridge 
strength depends on the binder polymer concentration and the mechanical properties of the 
solidified binder bridge. When only water is used as the binding agent, the high solubility 
of the solid component produces stronger granules (Rajniak et al. 2007). Despite the physical 
properties of the solid bridge, most of the bridge strength will be lost during the 
evaporation and drying of the liquid phase (Weber et al. 2006, Nieuwmeyer et al. 2008). Dry 
bridges are thus more susceptible to attrition and breakage. 
 In addition to the physico-chemical properties of the liquid binder, the physical 
characteristics of the solid components affect the granule strength as well. Agglomerate 
strength is increased as the primary particle size is decreased, as viscous, capillary and 
friction forces are all increased on a per unit area basis (Iveson and Litster 1998A). Smaller 
particles pack closer together, and the area of the liquid bridge meniscus increases due to 
the conservation of the liquid bridge volume at smaller inter-particle distances (Cai and 
Bhushan 2008). Any increase in the meniscus area will increase the viscous forces and 
similarly, as the inter-particle pore, or void, size decreases, the liquid bridge curvature 
increases. This results in a more negative Laplace pressure, which increases the capillary 
forces holding the particles together (Rabinovich et al. 2005). In addition, closer packing of 
small particles increases the interparticle contact points, positively affecting the friction 
(Iveson and Litster 1998A). Surface asperities act in similar fashion by reducing the 
interparticle distance (Cai and Bhushan 2008). Smooth and spherical particles form looser 
aggregates than irregular particles with rough surfaces. 
The same physico-chemical properties of the components that control granule strength, 
also act on granule consolidation (Iveson et al. 1996, Iveson and Litster 1998A). While 
viscous and friction forces are always dissipative, i.e. they act to resist all particle 
movements, capillary forces always act on pulling particles closer together. Therefore 
consolidation is promoted by factors which increase capillary suction pressure and reduce 
viscous and frictional forces. When non-viscous binders are used, higher liquid-to-solid 
ratio reduces inter-particle friction due to lubrication. However, with viscous binders,  the 
higher liquid content prevents consolidation.  
2.1.2.3 The effect of process variables on granule growth behavior 
The process variables affect the granule growth mainly through two major factors, the 
agitation intensity and the wetting rate. The agitation intensity imparts shearing and 
compaction forces on the particle bed, but also affects the probability for successful particle 
collisions (i.e. collisions leading to coalescence) (Forrest et al. 2003, Wang et al. 2008). The 
wetting rate is the amount of liquid or liquefied binder delivered onto the powder bed per 
unit time. The other process variables are the bed temperature (i.e. the fluidization gas 
temperature), nozzle position, and the chopper speed in the high shear mixer granulator. 
Although bed temperature has a directly proportional effect on the evaporation rate by 
increasing the liquid vapor pressure (Steinbeck and Schlünder 1998), and that by varying 
the evaporation rate one can control the binder liquid viscosity (Walker et al. 2005), the 
temperature effect on granule growth is secondary to fluidization air velocity and spraying 
rate (Rambali et al. 2001, Gao et al. 2002). However, higher bed temperatures reduce the 
time needed for the drying phase at constant fluidization air velocities. The amount of 
attrition and breakage is reduced, which narrows the final product size distribution. The 
nozzle height has been reported to have no effect on granule growth (Cryer and Scherer 
2003), although by positioning the spray nozzle higher from the bed surface, a reduction in 
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the granule growth rate has been observed (Hemati et al. 2003). This is probably due to the 
small reduction in wetting rate caused by the slight increase in evaporation before the 
binder droplet distributes over a particle. The chopper breaks the larger lumps and helps 
distribute the binder thus a narrower final granule size distribution is obtained (Wang et al. 
2008). For systems experiencing induction type behavior, the densification effect of chopper 
is needed for granule growth (Hoornaert et al. 1998). 
2.1.2.4 Agitation intensity 
The effect of the agitation intensity on granule growth depends on the granulator type and 
material. In high shear mixer granulators, increasing the impeller speed increases both the 
granule growth rate and the granule mean diameter until at a certain impeller speed, the 
shear and impact forces become greater than granule strength, and granules break into 
smaller fragments (Knight et al. 2000, Chitu et al. 2011). Granule growth halts to a constant 
level. This can be explained by a toroidal or “roping” movement of the granular bed. By 
increasing the impeller speed, centrifugal forces eventually exceed the gravitational force 
experienced by the particles (i.e. above some critical Froude number), and the bed adopts a 
toroidal flow pattern (Ramaker et al. 1998). Toroidal movement provides good liquid 
distribution and efficient mixing, which increases the likelihood for successful collisions 
(either type I or type II) (Litster et al. 2002, Benali et al. 2009). During a toroidal flow pattern, 
the particle surface velocities remain unaffected even when the impeller speed is increased 
(Ramaker et al. 1998). The shear force imparted by the impeller blade lifts the granular bed 
upwards. If the blade impact frequency is greater than the settling rate of the granular bed, 
the bed will experience a constant shear field, which pushes the bed bulk up near the mixer 
wall and down in the center (Nilpawar et al. 2006). In this situation, excess kinetic energy is 
dissipated only in granule structure, as any increase in the granule velocity is restricted At 
first, an increase in impeller speed leads to a faster granule growth but eventually a 
dynamic equilibrium between the growth and the granule fragmentation is obtained and 
granule growth comes to an end. 
The granule growth behavior in high shear mixer granulators is also explained by a 
theory of Tardos et al. (1997). They introduced a dimensionless Stokes deformation number, 
which describes the kinetic energy required for deformation (Eq. 2.4).  
 
Stdef = ௠೛௎೚
మ
ଶ௏೛ఛሺఊሻ
                       (2.4) 
 
where mp is the granule mass, Uo is the granule velocity, Vp is the granule volume and τ(γ) 
is the yield strength of the granule (assuming negligible viscosity effects). At a given pore 
saturation, particle-particle collisions lead to a coalescence when the Stokes deformation 
number is below some critical number. An increase in granule mass or velocity increases the 
deformation number until the critical limit is exceeded. At this point, any granule collisions 
lead to rebound as the impact energy is larger than the energy dissipated. Further increases 
in the energy cause granule fragmentation. 
Similar growth behavior is observed in rotating drum granulators, albeit the dissimilar 
operating principles lead to some differences compared to the high shear mixer. In rotating 
drums, the particle impact velocity equals the drum rotational speed (Iveson et al. 2001B). 
At a given pore saturation, an increase in the drum speed can increase the deformation 
number, and thus the granule net growth rate (Mills et al. 2000). However, surging, i.e. 
collapse of the granular material from the drum wall during a drum rotation causes also 
granule breakage during the granulation (Mishra et al. 2002). At higher rotational speeds, 
the bed collapses with higher kinetic energy which promotes granule breakage at the 
expense of coalescence (Yang et al. 2003). When the drum speed is increased further, 
breakage becomes the more favored kinetic effect. However, at some critical drum 
revolution speed, the centrifugal force becomes greater than the gravitational force, and the 
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granular material becomes carried around the drum (i.e. at Froude number ≥ 1) (Walker 
2007). The particles remain static in relation to each other, and no growth or breakage 
occurs. Similarly, if the drum speed is too low, the static particle bed moves in a see-saw 
motion inside the slowly rotating drum, and no granule growth can be observed.  
In fluidized bed spray granulators, however, the agitation is caused by a suspension in 
the fluidizing gas. Above the gas distributor plate, small gas bubbles coalescence into a 
larger bubble, which scoops up particles from the bottom of the bed (Cooper and Coronella 
2005). This bubble wake follows the rising gas bubble through the bed, during which 
particles are constantly exchanged with the bulk. Eventually the bubble wake is deposited 
on the top of the bed, or if the gas velocity is too high, it becomes entrained within the gas 
and is carried away into the air exhaust system. Particles not in a bubble wake are always 
moving downwards in the bed. The bubble size and velocity are directly proportional to the 
fluidization gas velocity (Rhodes et al. 2001). Therefore, the particle movement in the bubble 
wake depends on the gas velocity as well, and by increasing the fluidization gas velocity, 
the Stokes deformation number is increased and the probability for successful collisions 
should increase. However, one distinctive quality of the fluidized bed granulator is the 
rapid exchange of heat and mass between the fluidization gas and particle bulk (Menon and 
Mujumdar, 1987, Hegedűs and Pintye-Hódi 2007A). The evaporation of the binder liquid 
from the particle surfaces increases with the fluidization gas velocity. The loss of the major 
bonding force reduces the granule strength (Nieuwmeyer et al. 2008). Therefore by 
increasing the fluidization gas velocity, granules become more susceptible to attrition and 
breakage, and in reality their growth will be hindered (Hemati et al. 2003, Bouffard et al. 
2005, Weber et al. 2008).  
2.1.2.5 Wetting rate  
The liquid can be added by pouring via a hopper, but in this case achieving a homogenous 
liquid distribution depends only on the agitation intensity and mixing efficiency. When the 
droplet diameter is larger than the primary particle mean diameter, nucleation occurs via an 
immersion mechanism. In this case, the final granule mean diameter is directly proportional 
to the droplet size (Schaafsma et al. 1998). If the binder addition rate is faster than the 
powder bed surface renewal rate, droplets merge at the spray surface and the resulting 
granules become substantially larger than those encountered with a single-drop mediated 
agglomeration (Schaafsma et al. 2000). The ideal nucleation and subsequent granule growth 
are obtained when a nuclei is formed only from one binder drop (Hapgood et al. 2003). This 
is achieved when the total binder coverage area is less than the (dry) powder bed surface 
area in the wetting zone in a unit time (Litster et al. 2001). This drop-controlled nucleation 
produces the narrowest end-product size distribution. If one increases the spray rate, then 
more and more drops overlap until surface caking occurs (Hapdgood et al. 2003). At this 
point, the binder dispersion is dependent only on the mechanical mixing. This is always the 
case when the binder liquid is poured on; despite efficient mechanical dispersion, pour-on 
binder addition yields a higher fraction of coarser granules than spraying or melt-in (Knight 
et al. 1998, Gluba 2003). A more favourable way is to add the liquid by a peristaltic pump 
through a nozzle, which allows the control of both the droplet size and spraying rate. 
 Spraying the binder via a nozzle produces droplets which are smaller than the primary 
particle size of the most commonly used pharmaceutical excipients and drugs (Bouffard et 
al. 2005). In this instance, the nucleation occurs via a distribution mechanism. The binder 
liquid drop size can be adjusted by the pump speed, or the liquid addition rate, or by 
changing the atomizing pressure. The atomization, or dispersion of the liquid into fine 
droplets, is achieved by mixing compressed gas and binder liquid inside the nozzle (Hede et 
al. 2008). When the high-pressure two-phase mixture is discharged from the nozzle tip, the 
high-velocity gas creates high frictional forces over the liquid surface which accelerates the 
liquid, disintegrating it into small droplets. An increase in the gas-to-liquid mass ratio 
always improves the dispersion efficiency (Wan et al. 1995). At a constant (and sufficiently 
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low) liquid addition rate, increasing the atomizing air pressure decreases the droplet 
median diameter, and the resulting nuclei become smaller (Knight et al. 1998, Bouffard et al. 
2005). A similar effect on the nuclei size distribution can be obtained by decreasing the 
liquid feed rate at constant atomizing air pressures. However, despite the profound effect 
on the droplet size, the granule growth rate is not affected by the atomizing air pressure or 
the spraying rate (Hemati et al. 2003, Bouffard et al. 2005). At higher spraying rates, the 
wetting of the granules becomes more apparent, but the growth kinetics depends on the 
availability (spreading coefficient) of the binder at the granule surface and not on the pore 
saturation (Seo et al. 2002). When nucleation occurs via a distribution mechanism, few 
larger droplets have the same effect on granule growth than a larger number of small 
droplets. Indeed, the amount of binder by mass controls the maximum granule size 
attainable rather than the rate which the binder is added (Tan et al. 2006). However, at low 
liquid addition rates, very high atomization pressure can produce smaller granules due to 
the breakage and fragmentation caused by shear forces from the high pressure gas jet 
(Bouffard et al. 2005). Liquid spraying in pulses of short durations does neither affect the 
granule growth rate nor the maximum attainable granule size (Schaafsma et al. 1999). 
However, the final granule size distribution broadens due to the formation of more fines 
(Närvänen et al. 2008A). Granules dry more between the pulses, which enhances both 
attrition and breakage. 
It is important to note, that the above observations on granule growth kinetics are 
operative when the spray flux is sufficiently low. If the rate of powder bed surface mixing is 
too low for the applied spraying rate, i.e. at high spray flux, the powder bed will be 
overwetted locally and eventually collapse (Schaafsma et al. 1999). This phenomenon is also 
called “wet quenching”. Regardless of the spray flux, wet quenching occurs when granules 
reach a certain mean size and mass. The fluidization gas velocity is not able to suspend the 
load of the bed any longer, and a collapse is inevitable. 
2.1.2.6 Granule growth regimes 
The covariant nature of agitation intensity and wetting rate on granule growth has been 
described in a granule growth regime map by Iveson et al. (2001B) (Fig. 2.6). The likelihood 
of granule growth is depicted as a function of granule deformation during impact and the 
maximum granule pore saturation, i.e. the amount of liquid available for successful 
coalescence. The amount of granule deformation is illustrated with a modified Stokes 
deformation number (Stdef), in the granule yield stress τ(γ) by Tardos et al. (1997) (see Eq. 
2.4) is replaced by a dynamic yield stress Yg, which takes into account the non-Newtonian 
behavior of the viscous binder-solid slurry (Eq. 2.5): 
 
ܵݐௗ௘௙ ൌ
ఘ೒௎೎మ
ଶ௒೒
      (2.5) 
 
where Uc is the granule collision velocity. The maximum granule pore saturation describes 
the availability of binder liquid on the granule surface which can aid in coalescence (Iveson 
and Litster 1998B). The maximum pore saturation Smax is expressed as:  
 
ܵ௠௔௫ ൌ 
௪ఘೞሺଵିఌ೘೔೙ሻ
ఘ೗ఌ೘೔೙
      (2.6) 
 
where w is the liquid to solid mass ratio, ߩ௦ is the granule density, ߩ௟ is the liquid density 
containing possible dissolved solids and ߝ௠௜௡  is the minimum porosity of the granule 
attainable during the process. High porous granules retain much of the liquid in the pores, 
and are less likely to coalescence. Thus a lower porosity increases the maximum granule 
pore saturation for a given liquid to solid mass ratio.  
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Figure 2.6. Granule growth regime map. Adapted from Iveson et al. 2001B. 
 
The granule growth regime map qualitatively describes the cross-linked effects of 
agitation intensity, wetting rate (i.e. mass ratio of liquid to solid), granule density, granule 
porosity and dynamic granule porosity on granule growth behavior (Iveson and Litster 
1998B, Iveson et al. 2001B). In the nucleation only regime, the particles are either too dry to 
permit larger granule growth or the agitation intensity is too high, causing only particle 
rebounds and consolidation during impact (crumb regime). The induction type behavior is a 
characteristic of strong systems, i.e. those with fine powders or high viscous binders. After 
the nucleation, no granule growth is observed. However, the agitation compresses the initial 
nuclei or small granules, which eventually squeezes the liquid in the intragranular pores on 
the surfaces, which promotes  a rapid growth period.  
2.1.3 Wet granulators 
Although several techniques are available for wet granulation, which are commonly used in 
the petrochemical, food and detergent industries, in the pharmaceutical industry 
granulation is mainly carried out either in fluidized bed spray granulators or in high shear 
mixer granulators (Kristensen and Schæfer 1987, Faure et al. 2001). Other techniques used 
for agitated wet granulation include tumbling drum and rotating disc, as well as equipment 
which combines the advantages of the above-mentioned techniques such as agitated 
fluidized bed spray granulators, rotary processors and high shear mixers equipped with a 
drier (Giry et al. 2006, Kristensen and Hansen 2006, Wan Daud 2008). The methods have 
different operating principles, and these will influence the granule formation and the end-
product physico-chemical and mechanical properties  (see e.g. Horisawa et al. 2000, Scott et 
al. 2000, Wauters et al. 2002,  Hausman 2004, Schæfer et al. 2004, Ramachandran et al. 2008, 
Wang et al. 2008, Benali et al. 2009, Chevalier et al. 2009, Osborne et al. 2011). The main 
differences, however, are attributable to the agitation intensity and processing time.  
Wet granulation is still carried out mainly as a batch process in the pharmaceutical 
industry, even though continuous wet granulators are becoming more widley available 
(Leuenberger 2003). The reasons for favoring the batch concept are usually small production 
rates (as compared to those in the food processing or detergent manufacturing industries), 
daily changes of the product type and strict regulatory requirements (Vervaet and Remon 
2005). In addition, the high profit margins of pharmaceutical industry have not really 
demanded implementation of lower-cost continuous unit operations (Angell 2004, Werani et 
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al. 2004, Vervaet and Remon 2005). The regulative ease of batch identification and the 
suitability for lower production rates mean the the batch-operated fluidized bed spray 
granulation and high shear mixer granulation are still favoured methods for the production 
of pharmaceuticals (Flore et al. 2009). 
2.1.3.1 Fluidized bed spray granulator 
Fluidized bed spray granulator has the major advantage of being a single-pot processor. 
Mixing, agglomeration and drying can be carried out in the same vessel without the need to 
transfer material. This makes it ideal for any GMP regulated manufacturing, as any external 
contacts with the product will be minimized (Kristensen and Schæfer 1987). The fluidized 
bed processor consists of a product vessel, a fluidizing gas fan, an exhaust air system with a 
filter, and a port for the spray nozzle (Fig. 2.7). The fluidizing gas enters the vessel through a 
perforated distributor plate. At low gas velocities, the gas merely percolates through the 
powder bed, but at higher velocities, the bubble size increases and generates higher 
pressures. When the pressure equals the weight of the powder bed and surface area ratio, 
the particles become suspended in the upward moving gas. At this stage, the fluidization 
gas velocity U equals the minimum gas velocity needed for incipient fluidization Umf. When 
U > Umf larger gas bubbles are formed from the gas jet emerging from the holes of the 
distributor plate. This excess gas passes through the bed as bubbles and is responsible for 
the mixing. If gas velocity is increased until U ≥ UT where UT is the terminal fall velocity of 
the particles, the particles will be pneumatically transported by the gas from the product 
vessel into the exhaust air system. 
The product vessel geometry can be either straight cylindrical or tapered. In straight-
sided vessels, the fluidization is homogenous regardless of the bed depth as long as U > 
Umf. The particles are transported upwards in the vessel core, where they are violently 
mixed when the gas bubbles burst (Stein et al. 2000). The downward movement occurs near 
to the walls  This up-down movement is responsible for the convective mixing of the bed. 
At the overlapping region between the wall and the core, particles will be moving both 
upwards and downwards. In this region, particles experience high shear stresses, which 
encourage for enhanced diffusive mixing. With a tapered geometry, the fluidized bed 
breaks into different zones (Depypere et al. 2009). Similarly, particles are transported 
upwards in the central region, and the return flow occurs in a region closer to the walls. 
However, the region closest to the wall is immobile.  Above a critical fluidization velocity, 
these non-fluidized portions become unstable and slip down the vessel wall into the 
fluidized zone in a conveyor-belt type mechanism. A diffusive mixing occurs above the 
distributor plate and on the top of the bed, whilst convective mechanism is responsible for 
the mixing in the fluidized zone. At lower vessel taper angles, the wall build-up 
deformation occurs at lower fluidization velocities. Since the cross-sectional area of the 
tapered bed increases along the bed height, the pressure difference between the bed bottom 
and top is smaller than that found in cylindrical beds (Shi et al. 1984). The fluidizing gas 
velocities decrease towards the top of the bed, making it possible to fluidize both larger and 
smaller particles without the risk of defluidization for the former and elutriation by 
pneumatic transport for the latter. Tapered fluidized beds are therefore ideal for use in the 
pharmaceutical and food processing industries, where particles and granules with a broad 
size distribution are commonly encountered. 
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Figure 2.7. Schematic representation of a fluidized bed processor. 
 
Since there is such rigorous mixing, a large particle surface area is exposed to the gas and 
therefore fluidized beds have excellent heat and mass transfer rates between the gas and the 
solids (Wang and Chen 2000, Matteo et al. 2003). The drying is not limited by the mass 
transfer rates, which provides good opportunities for process variable optimization for 
conserving time and energy during the processing. Because of the rapid mass transfer, 
conditions are isothermal inside the vessel making the fluidized bed spray granulator ideal 
for heat-sensitive products. 
2.1.3.2 High shear mixer granulator 
High shear or alternatively called high speed mixer granulators consist of a bowl, an 
impeller blade, liquid addition system and additionally a chopper (Reynolds et al. 2007) (cf. 
Fig 2.8). The agitation is achieved mechanically by different sized and shaped blades. The 
impeller blades can be positioned either on horizontal or vertical axis, and they are typically 
run at high speeds of 100-1500 rpm. The liquid is usually added by pouring or in a constant 
stream, although atomization provides a more controllable granule growth (Bardin et al. 
2004). Regardless of the binder addition method, liquid distribution over the whole powder 
bed is induced by the impeller blades. Depending on the Froude number, the powder flow 
can be characterized as “bumping” or “roping” (Litster et al. 2002). At low Froude number 
agitation, the powder bed only pulsates vertically in a periodical pattern at the frequency of 
the impeller rotation. The bed turnover is slow and there is very little exchange of particles 
between the bed surface and the bottom. The same particles become re-wetted, which 
results in a broad, bi-modal granule size distribution. When the impeller speed is increased 
sufficiently, and a critical Froude number is exceeded, the powder bed flow will shift to a 
roping regime (Litster et al. 2002, Gantt et al. 2006). In the roping regime, particles are forced 
up the vessel wall, and then cascade down towards the center. The pushing effect of the 
blades accelerates particles in a tangential direction, which is an order of magnitude greater 
than the particle velocity in the axial direction (Darelius et al. 2008). This creates a toroidal 
flow pattern. With this type of flow regime, the particle turnover rate is fast, and binder 
liquid is distributed more homogenously (Litster et al. 2002).  
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Figure 2.8. Schematic representation of a bottom-driven vertical shaft high shear mixer 
granulator. 
 
The shear and compacting forces exerted by the impeller blade are the major factors 
affecting granule growth and breakage during high shear mixer granulation (Kristensen and 
Schæfer 1987). The chopper is operated at very high speeds of 1000-3000 rpm and at these 
speeds, the chopper blades exert disruptive forces on the granular bed. The main effect of 
the chopper is to break larger granules and lumps into smaller fragments and to help in  
binder distribution (Wang et al. 2008). However, tangential and axial velocities of the 
particles depend on the primary particle size and vessel fill level (Ng et al. 2008). Thus 
transition from the bumping to roping flow regime is not only controlled by the impeller 
speed, but also by material properties. Despite the delicate interplay of process variables 
and material parameters on the material flow pattern, high shear mixer granulation is 
generally considered a robust process. The processing times are usually low, and cohesive 
powders and viscous binders can be easily handled. 
One major problem in high shear mixer granulation is wall adhesion (Faure et al. 1999A). 
The accumulation of the powder on the vessel walls is caused by the high velocities from 
the impeller blade (Darelius et al. 2007, Wang et al. 2008). The particles are generally found 
to adhere to the wall close to the impeller, where the particles’ tangential velocities are 
largest (Ng et al. 2008). The impacts against the wall at these high velocities cause a high 
degree of compaction in the agglomerates (Laurent 2005). As the agglomerates consolidate, 
binder liquid is squeezed out onto the surface, promoting adhesion to the vessel wall. 
Although the shear forces are higher closer to the impeller, which would intuitively prevent 
any material build-up, the binder liquid acts as a lubricant between the moving particles 
and the wall. The shear stress at the wall is reduced to a constant level by the lubrication 
effect of the liquid (Darelius et al. 2007). After a critical kneading time, granule 
consolidation reaches a level where the binding force of the surface-wet granules on the 
vessel wall becomes larger than the shear, and more and more material builds up on the 
vessel wall (Wang et al. 2008). Furthermore, the chopper can interfere with the roping flow 
movement of the particles, thus increasing wall adhesion and impairing homogenous liquid 
distribution (Darelius et al. 2007). Due to this somewhat characteristic attribute of poor 
binder distribution, high shear mixer granulation usually produces a bi-modal granule size 
distribution (Knight et al. 1998, Knight et al. 2000). Therefore product yield percentage is 
lower compared to the yield obtained from a fluidized bed spray granulator, as a broader 
distribution means that there are fewer granules of the desired size. In addition, variations 
in starting material particle size distributions result in considerable batch-to-batch variation 
(Bardin et al. 2004) and due to the  high intense agitation, the granules can become very 
dense (Badawy et al. 2000) which may cause problems with subsequent tabletting or drug 
release from the final dosage form. 
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2.1.3.3 Drum granulator 
The drum granulator is one of the most widely used granulating equipment due to its 
simple design, although its use in pharmaceutical manufacturing is limited (Walker 2007).  
Drum granulators are able to handle large quantities of powder, slurries and granular 
materials with very broad size distributions and differences in physical properties (Ding et 
al. 2001). A major drawback is the poor percentage of products in the target range, which 
leads to a large recycle ratio of the material (Adetayo et al. 1995). Drum granulators consist 
of a rotating drum cylinder, equipped with a liquid spray system. Drum granulators can be 
equipped with scrapers, which prevent wall build-up. The particle agitation is achieved 
mechanically by rotating the drum. Depending on the drum rotation speed and particle-
wall friction, different types of solids flow motion can be observed (Ding et al. 2002). At low 
speeds and unfavorable frictional conditions the powder bed remains at rest, and merely 
slips off the walls as the cylinder rotates. Very little particle mixing occurs at this stage. As 
the drum speed is increased, the powder begins to avalanche after elevation. This slumping 
behavior transitions into rolling when the speed is increased further. During rolling, a 
continuous cascade of a surface layer is observed when the angle of the bed in the drum 
exceeds the angle of repose for the particles as the bed bulk is transported upwards on the 
cylinder wall. A further increase in the rotational speed causes the bed to arch, and particles 
cascade more forcefully. The kinetic energy during cascading flow is sufficient to throw 
particles from the bed surface into the free space of the drum, which can evoke granule 
breakage (Yang et al. 2008).  
The mixing is most efficient during the rolling and cascading flows patterns, and these 
types of motion are most often employed in industrial manufacturing (Ding et al. 2002, 
Yang et al. 2008). The surface renewal rate is high, and heat and mass are transferred 
efficiently throughout the bed. However, the exchange ratio of solids between the free 
flowing surface layer and the passive bulk is also affected by the drum fill level, and flow 
properties, namely the angle of repose of the bed (Ding et al. 2001, Mellmann 2001). During 
drum granulation, granules grow by layering (Degrève et al. 2006). When the granules 
grow, the amount of fine particles diminishes, which leads to a decrease in the bed’s angle 
of repose  (Heim et al. 2004). However, during continued tumbling, the wet granules 
consolidate, which squeezes binder liquid onto the granule surface. As cohesion forces 
between granules increase with the surface moisture, the angle of repose increases as well.  
Therefore the bed inclination needed for the rolling flow can change during the processing, 
and transitions from one flow behavior to other can occur even though drum speed is kept 
constant. Changes in bed flow behavior can disturb the surface renewal rate and also alter 
the tendency for radial and/or axial segregation of the particles (Yada et al. 2010). 
2.1.3.4 Extruder-spheronizer 
A special case of wet granulation is extrusion-spheronization process. The extrusion-
spheronization process usually follows four steps (Wilson and Rough 2007). The first is 
mixing or kneading, during which a wet, plastic mass of homogenous composition is 
prepared from the powder blend and liquid binder. In the second step, the wet mass is 
compacted into a rod shaped extrudates by forcing it through a die or screen. Next the 
extrudates or broken into smaller particles and rounded into spherical particles in a rotating 
friction plate. The last step is drying, which is usually carried out in a fluid bed dryer. 
Although extrusion-spheronization process produces dense pellets with high sphericities 
and narrow size distribution, the major disadvantage is that the process is very sensitive to 
the physico-chemical properties of the powder blend (Dukić-Ott et al. 2009). The water-
retention properties and the gel-like structure needed for successful extrusion are mainly 
found on microcrystalline cellulose (MCC) (Heng and Staniforth 1988, Landin et al. 1993, 
Kleinebudde 1997, Heng and Koo 2001). Although other excipients have been used, MCC is 
most often added in the blend as an extrusion aid (Tho et al. 2001, Reitz and Kleinebudde 
2009). Furthermore, the formation of fine granules (i.e. median diameter < 500 μm) is 
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difficult as the pressure on the extruder sieve increases when the aperture size is decreased 
(Kanbe et al. 2007). A pressure high enough may damage the device.  
2.1.4 Drying of granules 
After the granulation end-point has been reached, the excessive moisture has to be removed. 
While it is necessary, the drying step subjects the material to mechanical and thermal stress, 
and adds extra costs (Mujumdar 2004). The moisture may be present in material either as 
bound or unbound (Sahni et al. 2012). When the moisture content of the solid material is in 
equilibrium with the surroundings, any excess moisture is called unbound or free moisture. 
Whereas free moisture evaporates easily, the bound moisture has a significantly lower 
vapor pressure, as the moisture is usually physically or chemically adsorbed to the material 
and subsequently its removal requires more energy and time. Water is the most commonly 
used liquid binder in wet granulation, and drying of granules often involves only the 
removal of unbound water. The unbound water is held in the material through capillary 
action, and such materials are therefore called capillary porous media (Prat 2002). Drying of 
capillary porous media requires that the latent heat of vaporization exceeds the capillary, 
viscous and gravitational forces of the binder liquid. During slow drying, however, viscous 
and gravitational forces are negligible. 
Drying of capillary porous media can be divided into three separate stages, which are the 
pre-heating stage, the constant rate period and the falling rate period (Menon and 
Mujumdar 1987, Sahni et al. 2012). During the pre-heating stage, the temperature of the 
granule surface increases and the maximum drying rate is attained when the surface 
temperature reaches the wet bulb temperature, this marking the beginning of the constant 
rate period. During the constant rate period, liquid evaporates from the granule surface at a 
constant rate determined by the mass transfer in the gas phase. The mass transfer is 
governed by vapor advection and diffusion (Yiotis et al. 2001). The liquid vapor pressure 
remains constant, as the mass flux due to evaporation is balanced by liquid flow from the 
granule interior towards the surface. However, eventually the granules dry to a point where 
the solvent transport from the interior becomes slower than the evaporation, and dry 
patches appears on their surfaces. This point is called the critical moisture content of the 
material. The evaporating front, i.e. the gas-liquid interface, moves inside the granule, and 
the drying enters the falling rate period. The critical moisture content of material depends 
not only on the heat and mass transfer, but on the pore size distribution as well (Prat 2002). 
Due to structural heterogeneities, adjacent pore throats at the gas-liquid interface may have 
different radii. As defined by the Young-Laplace equation (Eq. 2.7), the pressure difference 
(P) is inversely proportional to the radius of curvature at the pore throat (r). 
 
P = -(2γLV)/r              (2.7) 
 
where γLV is the liquid/vapor interfacial energy (Scherer 1990). If the adjacent pores are 
connected, the gas penetrating into the larger pore throat induces a capillar flow towards 
the smaller pore throat (Yiotis et al. 2001). The gas-liquid interface remains stationary at the 
smaller pore throat, while the curved meniscus of the drying front recedes into the pore 
with a larger pore throat. During the falling rate period, the granule surface dries out. At the 
same time, the granule temperature approaches the temperature of the drying medium. The 
evaporating gas is transported outside by diffusion through the pores (Mezhericher et al. 
2008). The diffusion is the drying rate limiting step, and drying rate continues to decline as 
the gas- liquid interface recedes further towards the core of the granule. Due to structural 
heterogeneities, the receding gas-liquid interface may leave behind disconnected clusters of 
liquid, which can obstruct the vapor diffusion (Yiotis et al. 2001). In addition, liquid may 
also reside in empty pores as thicker corner films or thin films. The drying continues until 
equilibrium is reached between the granule moisture content and the surroundings. The 
pre-heating stage and constant rate period are determined mostly by process variables, i.e. 
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the heat of vaporization available for the phase change, and the rate of advective mass 
transfer. In the falling rate period, material parameters such as pore size distribution, 
capillarity and diffusion, become more important (Mezhericher et al. 2008). 
During drying, the liquid bridges responsible for holding particles together begin to 
shrink (Le Person et al. 1998). This pulls particles closer together, thus compressing the 
granule skeleton. After the majority of liquid has evaporated, the remaining bridge will be a  
highly viscous, supersaturated solution of the polymeric binder agent and other soluble 
components. The liquid bridge becomes stationary, as the capillary pull is opposed by the 
high viscous dissipative forces resisting interparticle motion (Farber et al. 2005). Next, 
crystallization, or solidification of the bridge, starts at the liquid-solid interface at the outer 
diameter of the supersaturated liquid bridge (Farber et al. 2003). The outer diameter of the 
liquid bridge solidifies first, while the central part of the bridge remains liquid. The full 
solidification of the outer diameter of the bridge occurs on a timescale which is typical of 
wet granulation and drying processes. However, the drying and solidification of the bridge 
central part can continue for several days, during which the nucleation and growth of 
thermodynamically less stable crystal structures are possible. While the evaporation of 
liquid initially causes shrinkage of the granule structure due to capillary forces, some solid 
bridges may cause dilatation upon solidification thus pushing the granules apart (Farber et 
al. 2005). In contrast, with some materials the solid bridge compresses upon solidification, 
reducing the granule porosity of contributing to granule consolidation. The presence of 
polymeric binders makes solid bridges more elastic and therefore more resistant to 
breakage. However, due to the differences in the stress forces exerted by solid material 
bridges and the possibility for polymorphism, the physico-chemical characteristics of 
granules may change substantially after the drying and subsequent processing steps have 
been carried out.  
In addition to the possible solid bridge dilatation, a high drying temperature can also 
evoke granule breakage. If the thermal conductivity of the solid is higher than the vapor 
diffusion outside the granule, drying at high temperatures, i.e. above the liquid boiling 
point, can result in boiling inside the granule wet core and internal bubble formation 
(Mezhericher et al. 2008). Should the internal pressure build-up exceed the granule tensile 
strength, then a rupture may occur. However, capillary porous media usually allows for 
very efficient vapor diffusion, and low thermal conductivity due to the presence of air 
within the pores (Wang et al. 2007). Nevertheless, high drying temperatures may result in 
severe temperature differences between the granule dry outer surface and the wet core, 
regardless of the porosity of the granule. Especially with larger granules, a sudden 
temperature drop beneath the hot surface can cause extreme thermal stresses, leading to 
cracking and rupture on the surface. Moreover, in the case of agitated drying, the long 
drying times expose granules to extended shear (McLoughlin et al. 2000, Lekhal et al. 2003). 
This leads to greater attrition and granule breakage. It should be noted, though, that 
attrition and breakage will only occur below the critical moisture content of the granule 
(Lekhal et al. 2004). 
2.1.4.1 Dryers 
Based on the mechanism of heat transfer, drying can be categorized as being convective, 
conductive, radiant and dielectric or microwave drying (Sahni et al. 2012). Convective 
dryers are probably the most commonly used (Menon and Mujumdar 1987). The heat of 
vaporization is supplied by a heated gas, which flows over the surface of the wet solid. The 
evaporated solvent vapor is then advected by the same drying medium. The three distinct 
stages of drying are easily identified during convective drying. However, the gas 
temperature has a direct effect on the drying rate, and with a very low drying temperature, 
the transition from a constant rate period to a falling rate period becomes less distinct 
(McMinn et al. 2005). The fluidized bed is a typical example of a convective dryer.  Heat 
transfer by convection is utilized also in belt conveyor, flash, rotary and spray driers 
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(Menon and Mujumdar 1987). The  advantage of fluidized bed technology is the large 
contact surface area between solids and the gas. In addition, mixing is intense and rapid 
heat and mass transfer shortens the drying time considerably (Wan Daud 2008). Indeed, the 
fluidized bed is considered as one of the most energy efficient convective dryers (Menon 
and Mujumdar 1987). Only during the falling rate period does the energy efficiency of 
fluidized bed decline as the most of the heat in the fluidizing gas is  expended on 
overheating the granules’ outer layers (Menshutina et al. 2004). Another disadvantage of 
fluidized bed dryer is that fluidization of Geldart group C and D particles is poor (Wan 
Daud 2008). The former group consists of fine and ultrafine particles and fluidization results 
in gas channeling in the powder bed due to high cohesion. Fluidization of coarse group D 
particles results in high attrition rates which broadens the final product size distribution. 
However, a sufficient decrease in granule moisture content can shift the poorly flowing 
particles of Geldart C classification into Geldart B (Mortier et al. 2011). 
Conductive dryers are generally the most energy efficient types of dryers (Sahni et al. 
2012). Convective dryers lose energy with the drying air, while conductive dryers transfer 
energy through heated surfaces thus minimizing the loss (Menon and Mujumdar 1987). 
Drum and rotary dryers belong to this category. In addition, vacuum and freeze drying are 
also categorized as convective dryers. Although the evaporation rate in these processes is 
controlled by reducing the pressure below the vapor pressure of the solvent, the latent heat 
needed for evaporation or sublimation has to be extracted from the surroundings. In 
vacuum/low pressure, the latent heat is obtained by conduction from the dryer walls or 
shelf. Vacuum dryers have very low energy efficiencies (Motevali et al. 2011). Similarly, 
freeze dryers suffer from large exergy losses mostly due to the poor efficiency of the 
condensers (Tsinontides et al. 2004, Ganguly and Alexeenko 2012).   
Radiant infrared (IR) dryers operate on the principle of IR energy absorption in the 
wavelength range of 10-6 – 10-3 m (Das et al. 2004). The IR dryers are versatile, low energy 
and are easy to implement as add-on dryers in conjunction with conductive or convective 
dryers. However, as the IR energy is absorbed only on the surface of the solid, it is mostly 
used in the drying of coated pharmaceutical products (Le Person et al. 1998). In fact, due to 
the poor penetration of the IR radiation, IR drying is characterized only as having a pre-
heating state and falling state period (Das et al. 2004). 
Dielectric drying, or microwave drying, is caused by electromagnetic radiation in the 
microwave frequency range of 300 MHz-300 GHz at a wavelength of 10-1 m (Jones et al. 
2002). Only dielectric materials, i.e. those which absorb microwave radiation, can be heated 
and dried using microwave technology. Dielectric materials are either induced or 
permanent dipoles, which orient themselves with the rapidly changing direction of the 
microwave field during drying (McLoughlin et al. 2000). The rapid orientation of the 
dielectric molecules generates heat throughout the material. Since the microwave radiation 
penetrates through the material, solvent evaporation occurs simultaneously in the granule 
core and surface (McLoughlin et al. 2000, McMinn et al. 2005). Therefore higher drying rates 
can be obtained with microwave drying than are possible with convective dryers. However, 
without the convective cooling effect, microwave radiation can rapidly elevate the solvent 
temperature to the boiling temperature, thus making it unsuitable for thermolabile 
materials. 
2.1.5 Wet granulation summary 
Without a doubt the major challenge in wet granulation is the simultaneous control of the 
competing rate processes (Cheng and Hsiau 2010, Le et al. 2011), each of which is the result 
of complex synergy between the material parameters and process variables (Shah et al. 1994, 
Shah et al. 1995, Newton et al. 1995, Schmidt and Kleinebudde 1997, Gazzaniga 1998, 
Gandhi et al.1999, Rambali et al. 2001, Hemati et al. 2003, Bouffard et al. 2005, Cavinato et al. 
2010, Shi et al. 2011A, Mangwandi et al. 2012,  Mašić et al. 2012). Combinations of the 
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process variables and material parameters have interaction effects on the final granule 
properties meaning that the process is extremely complex to model (see Fig. 2.9). 
 
 
 
Figure 2.9. Cause and effect diagram of factors contributing to granule growth. 
 
In addition, two granulators running on the apparently same operating principles can yield 
granules with different properties due to differences in the granulator design and 
dimensions (Thoma and Ziegler 1998, Hegedűs and Pintye-Hódi 2007B, Hassanpour et al. 
2009). Variability in the size distribution of the primary particles, as well as seasonal 
changes in air humidity are sources of significant batch-to-batch variation (Lipsanen et al. 
2007, Hagsten et al. 2008). Therefore controlling the wet granulation process is challenging, 
and it is extremely difficult to construct predictive models for feed-forward and feed-
backward process control. The process control is thwarted by the inter-related nature of the 
process and product variables which are not really fully understood all the while the 
process is still often treated and studied in a reductionistic way. A major step forward in 
controlling the wet granulation process has been the development of regime maps for 
nucleation and granule growth (Hapgood et al. 2003, Iveson et al. 2001B). These regime 
maps incorporate systems thinking, as the nuclei formation and granule growth are treated 
as somewhat emergent properties. They provide heuristic descriptions and solutions to the 
process operator, regardless of the operational and material parameters and process 
variables. The regime maps are examples of soft systems thinking, i.e. where the models are 
not to be taken as strict representations of the process but as means to examine it (Flood 
2010). These kinds of models should be utilized more in the process analysis and control, as 
operational competence over the process comes from providing heuristic descriptions of the 
phenomena.  
2.2 PHARMACEUTICAL PRODUCT QUALITY 
2.2.1 Quality by Testing 
Solid dosage forms, i.e. tablets and capsules, constitute the majority of drug products 
(Muzzio et al. 2002). The manufacturing of tablets involves many subsequent processing 
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steps: blending of the powders, granulation, crushing and drying if necessary, screening, 
addition of lubricant and final blending before compression into tablets (Fung and Ng 2003). 
Eventhough extensive in-process tests may be conducted, the final product quality is 
controlled by taking a random sample at the end of tablet compaction (Bonawi-Tan and 
Williams 2004, Yu 2008). A random sample of 10-30 tablets out of a batch of one million, 
even four million tablets is tested for several properties e.g. for dissolution, content 
uniformity and moisture content (Williams et al. 2002). If the few sample tablets meet the 
tolerance limits set by the regulatory agencies, the quality for the entire batch of several 
million tablets is deemed acceptable and the batch can be released onto the market. The 
criteria for acceptable product are designated in national pharmacopoeias or in the 
guidelines of International Conference on Harmonization (ICH). The strict regulation of 
pharmaceutical industry is motivated by toxicological and clinical safety, as the products 
have a direct effect and the consumer health (Basu et al. 2008). The companies have to 
carefully comply with the regulations or face a time- and money-consuming post approval 
change process. However, not only do the pharmacopoeias and ICH guidelines have a 
confusingly different set of requirements for the validation of analytical methods (Shabir 
2003), the assay methods demanded by the pharmacopoeias  are non-specific, out-dated and 
in reality do not do what they are meant to do (Vessman 1996, Görög 2005). Thus resources 
are spent analyzing the in-process samples and final drug products with methods of 
questionable value. Therefore, with the current Quality by Testing (QbT) approach, 
maintaining a high product quality carries with it high economical risks, as out-of-
specifications batches, product recalls, and even legal costs are to be expected (Blackburn et 
al. 2011). Moreover, the root causes of product quality failures are usually not well 
understood (Yu 2008).  In summary, pharmaceutical manufacturing lags behind other 
industries in terms of efficiency and quality because of the inability to abandon regulatory 
compliance and instead adopt innovative science and new technologies (Munson et al. 2006). 
Current estimates for drug development are about USD$900 million (Kola and Landis 
2004, Morgan et al. 2011). This figure takes into account the fact that the average drug 
development time of 12 years and 10 months, and that 23% of drug products are ultimately 
rejected at the registration stage. As the numbers for new chemical entities approvals are 
also rapidly declining, the pharmaceutical industry is facing major challenges as the payoff 
from investing in drug discovery is diminishing (Kola and Landis 2004). Instead, the 
pharmaceutical industry has realized that one sensible way to make savings and increase 
revenue streams is to improve the manufacturing processes (Hinz 2006). This change was 
initially advocated by the U.S. Food and Drug Administration (FDA) when it launched a 
new initiative in 2002, the Pharmaceutical Current Good Manufacturing Practices (CGMPs) 
for the 21st Century (U.S. Food and Drug Administration 2004A). The initiative was 
intended to modernize pharmaceutical manufacturing and product quality efficiency and 
regulatory decision-making by introducing systems- and risk-based approaches. The basic 
tenet is that improvements in manufacturing need to be based on science and engineering 
knowledge, and to this end, new technological innovations, such as process analytical 
technology (PAT) are encouraged. Indeed, to further encourage the use of new technology, 
the FDA launched a PAT guidance paper shortly thereafter (U.S. Food and Drug 
Administration 2004B), intended to assist in the implementation of new technologies to 
improve manufacturing process efficacy, design, control and product quality. In addition, 
the FDA partnered with American Society of Testing Materials (ASTM) International and 
established a Technical Committee E55 on Pharmaceutical Applications of Process 
Analytical Technology. Collaboration with ASTM International has provided an 
opportunity of learning from other manufacturing sectors where risk management, process 
analyzers and controls have been used for decades (Munson et al. 2006). The final push 
towards a paradigm change in the direction of Quality by Design in pharmaceutical 
manufacturing was the recent ICH guidelines Q8 Pharmaceutical Development, Q9 Risk 
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Management and Q10 Pharmaceutical Quality System, which encompasses the principles of 
the PAT guideline (International Conference on Harmonization 2005, 2008, and 2009). 
2.2.2 Quality by Design 
Advances both in the manufacturing and analytical sciences, and in the understanding of 
risk management during recent years has led to the development and integration of a 
systems approach in the quality assurance of pharmaceutical production (U.S. Food and 
Drug Administration 2006). The basic tenet running through the many FDA guidelines is 
that testing alone does not ensure product quality, instead quality should be built into the 
product (U.S. Food and Drug Administration 2004A, U.S. Food and Drug Administration 
2004B, U.S. Food and Drug Administration 2006). The term Quality by Design (QbD) means 
that the manufacturing processes and the product itself are designed and developed in such 
a way that the product is delivered consistently at the predefined quality. In essence, QbD is 
a scientific, risk-based approach which brings a systems perspective into the pharmaceutical 
production (Yu 2008). In order to ensure the predefined quality by design, the relationships 
between material parameters, process variables and product quality attributes have to be 
identified. In addition, sources of variability in formulation, manufacturing process or in the 
assay methods need to be recognized.  
QbD encompasses several elements which are meant to help in accessing the vast product 
and process understanding required. These elements include the definition of quality target 
product profile (QTPP), identification of potential critical process parameters (CPP) and 
critical quality attributes (CQA) for the raw materials and final product, risk assessment and 
lastly the definition of a control strategy (International Conference on Harmonization 2009). 
The QTPP includes all the quality characteristics of the product that need to be achieved in 
order to ensure the predefined quality, and as such it represents the basis for the 
formulation and process development (Riley and Li 2011). CPP is any process parameter, 
whose variation has an impact on a CQA, and therefore needs to be controlled and 
monitored. Similarly, CQA is any physical or chemical property of the raw materials or the 
product that causes changes in the product quality and therefore needs to be within certain 
limits. The multidimensional combination of CPPs and CQAs which provides product 
quality within the pre-defined limits is called the design space. The risk assessment consists 
of the scientific identification and analysis of risks related to product quality, and thhus can 
be helpful in linking the material attributes and process parameters to product CQAs, thus 
creating the design space (International Conference on Harmonization 2005).  Finally, the 
control strategy is the set of controls, justified by solid process understanding and scientific 
knowledge that ensures consistent manufacturing of quality products (Riley and Li 2011).  
The control strategy should include controls for the CPPs and CQAs at the very minimum, 
but can also consist of in-process measurement systems and monitoring programs for 
verification of multivariate process control (MPC) systems (International Conference on 
Harmonization 2009).  
It is clear that in order to attain QbD, a thorough process understanding is required.  In 
fact, the PAT guideline states that “establishing effective processes for managing physical 
attributes of raw and in-process materials requires a fundamental understanding of 
attributes that are critical to product quality”  (U.S. Food and Drug Administration 2004).  
Furthermore, “the goal of the PAT is to enhance process understanding and control the 
manufacturing process”. The PAT framework includes a list of PAT tools and principles, 
such as process analyzers, multivariate tools for data acquisition and analysis and process 
control tools. These tools are meant to be used to acquire information and thus improve 
process understanding. In essence, QbD requires a high level of process understanding, 
both kinetic and mechanistic, which can be achieved by proper use of PAT tools and 
principles (McKenzie et al. 2006). In attempts to mitigate the financial risks inherent in the 
QbT paradigm, and to realize the regulatory opportunities of the QbD, the pharmaceutical 
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manufacturers have to impress the regulatory agencies by the level of knowledge gained, 
not by the volume of data generated.   
2.3 PAT APPLICATIONS IN WET GRANULATION 
The requirements of QTPP are always product specific. The CQAs and CPPs depend on the 
raw materials as well as on the equipment used (Flore et al. 2009).  Granules can contain 
organic and inorganic materials, small molecules, polymers, as well as reactive and toxic 
materials. The number of components can differ dramatically, as can the particle size 
distribution (PSD) and raw material quality (Hagsten et al. 2008). Therefore results from 
investigations carried out in one system cannot be readily transferred to another system. 
The need for detecting the optimal operational end-point for wet granulation systems has 
been a major catalyst in the development of online monitoring devices in the wake of the 
PAT initiative (Watano 2007). Although the identification of granulation end-point is 
critical, since a continuation of this process for too long can cause over-wetting or attrition 
and breakage of the products, the end-point has been realized to represent, in fact, a 
synonym for QTPP (Leuenberger et al. 2009, Roy et al. 2010). As such, it is dependent on the 
formulation, equipment, and the quality attributes required from the product. Instead of 
pursuing a “mythical” end-point, much effort has been focussed on developing monitoring 
methods for CQAs of in-process materials. When CQAs are monitored with sufficient 
precision and accuracy, the process operators can be certain that the product quality is 
within the design space (Hagsten et al. 2008, International Conference on Harmonization 
2009). The PSD and granule moisture content have been recognized as the two most 
important product attributes, although there is a vastly larger number of granule 
characteristics which are critical to the down-stream unit operations (York 2003, Yu 2008).  
2.3.1 Process analyzers for pharmaceutical wet granulation  
After the launch of the FDA’s PAT initiative, there has been vigorous development of new 
analyzers and methods for in-process monitoring in pharmaceutical. The majority of these 
methods rely on optics, most notably on near-infrared (NIR) spectroscopy (Doherty and 
Lange 2006, Rantanen et al. 2007, De Beer et al. 2011), although Raman spectroscopy, image 
analysis and laser backscattering have also been used. These methods have the advantage of 
either providing direct physico-chemical information on the analyte, or easily interpretable 
visual evidence about the state of the process, but their implementation for wet granulation 
process is difficult. The agitation of wet powder particles inside the process vessel easily 
clogs probe heads or the quartz windows needed the accumulation of spectra or visual 
images. Although there are some technological solutions which can help prevent powder 
adhesion onto the probe heads (see e.g. Rantanen et al. 2000A, Rantanen et al. 2005, Huang 
et al. 2010A), totally non-invasive solutions would be clearly advantageous. Table 2.1 lists 
many of the techniques used for monitoring the evolution of QCAs, CPPs or process 
trajectories during wet granulation processes. The current process analyzers are most often 
divided into different categories based on the data acquisition rate and technological 
solution. This division into off-line, at-line, on-line and in-line measurements is often used 
in a non-systematic way, especially the terms in-line and on-line are used interchangeably: a 
method described as an on-line by some authors is regarded as in-line by others. In Table 
2.1, and throughout the remains of this thesis, off-line means manual sampling with 
specimen transport to a remote laboratory and at-line is used to describe manual sampling 
and transport to an analyzer located in the manufacturing area. On-line methods are those 
which use automated sampling and sample transfer to an automated analyzer, while in-line 
methods have the sample interface located within the process stream.  
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Table 2.1. Techniques used in process analyzers in wet granulation processes. 
 
Technique CQA/CPP/Target of analysis Process MVDA Set-up Reference 
Passive acoustic 
emission 
Mean particle size, moisture 
content 
FBSG No In-line Tsujimoto et 
al. 2000 
Passive acoustic 
emission 
Mean particle size, Carr’s 
compressibility index, 
maximum crushing strength 
HSMG Yes In-line Whitaker et 
al. 2000 
Passive acoustic 
emission 
Agitation intensity, 
component concentration, 
mean particle size, moisture 
content, early warning 
FBSG Yes In-line Halstensen et 
al. 2006 
Passive acoustic 
emission 
Moisture content, end-point 
detection 
HSMG No In-line Briens et al. 
2007 
Passive acoustic 
emission 
Mean particle size, particle 
density, elastic modulus, gas 
superficial velocity 
FBD No In-line Jiang et al. 
2007 
Passive acoustic 
emission 
End-point detection HSMG No In-line Daniher et al. 
2008 
Passive acoustic 
emission 
Process state FBSG No In-line  Tok et al. 2008 
Passive acoustic 
emission 
End-point detection HSMG Yes In-line Gamble et al. 
2009 
Passive acoustic 
emission 
PSD, process state  FBSG No In-line  Leskinen et al. 
2010 
Passive acoustic 
emission 
Mean particle size, moisture 
content 
HSMG Yes In-line  Papp et al. 
2011 
Passive acoustic 
emission  
Mean particle size HSMG Yes In-line Hansuld et al. 
2012 
NIR 
spectroscopy 
Moisture content FBSG No In-line  
 
Frake et al. 
1997 
NIR 
spectroscopy 
Moisture content FBSG, 
FBD 
No In-line Rantanen et 
al. 1998 
NIR 
spectroscopy 
Process induced 
transformations  
FBD No In-line Räsänen et al. 
2003 
NIR 
spectroscopy 
End-point detection HSMG No At-
line 
Jørgensen et 
al. 2004 
NIR 
spectroscopy 
PSD, moisture content, end-
point detection 
FBSG No On-
line 
Findlay et al. 
2005 
NIR 
spectroscopy 
Moisture content FBD Yes In-line Green et al. 
2005 
NIR 
spectroscopy 
Process induced 
transformations 
HSMG Yes Off-
line 
Li et al. 2005 
NIR 
spectroscopy 
Uniformity of blend, 
moisture content, end-point 
detection 
HSMG Yes In-line  Rantanen et 
al. 2005 
  (Table continues on the next page) 
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Table 2.1. (Continues from the previous page) 
Technique CQA/CPP/Target of analysis Process MVDA Set-up Reference 
NIR 
spectroscopy 
PSD, moisture content FBD Yes In-line Nieuwmeyer 
et al. 2007B 
NIR 
spectroscopy 
Process state FBSG No In-line  Tok et al. 2008 
NIR 
spectroscopy 
PSD, moisture content, 
density 
FBSG Yes On-
line 
Alcalà et al. 
2010 
NIR 
spectroscopy 
Moisture content FBSG No In-line  Leskinen et al. 
2010 
Raman 
spectroscopy 
Process induced 
transformations, moisture 
content 
HSMG, 
FBD 
No In-line  Hausman et 
al. 2005 
Raman 
spectroscopy 
Process-induced 
transformations 
HSMG Yes In-line Wikström et 
al. 2005 
Raman 
spectroscopy 
Mass density distributions, 
chemical composition  
FBSG No In-line Walker et al. 
2007 
Raman 
spectroscopy 
Process induced 
transformations 
HSMG No In-line Wikström et 
al. 2008 
Image analysis PSD, shape FBSG No On-
line 
Watano and 
Miyanami 
1995 
Image analysis PSD, shape  FBSG No In-line  Watano 2001 
Image analysis PSD, shape  HSMG No In-line  Watano et al. 
2001 
Image analysis PSD FBSG Yes At-
line  
Laitinen et al.  
2004 
Image analysis PSD FBSG No In-line  Leskinen et al. 
2010 
Microwave 
resonance 
Moisture content FBD No In-line  Buschmüller 
et al. 2008 
Microwave 
resonance  
Process trajectories, seasonal 
effects (closer to PAT..) 
FBSG Yes In-line  Lourenço et 
al. 2011 
Triboelectric 
probes 
Moisture content, end-point 
detection 
FBSG No In-line  Portoghese et 
al. 2005 
Triboelectric 
probes 
Moisture content FBD No On-
line 
Portoghese et 
al. 2008 
Focus beam 
reflectance  
PSD FBSG No At-
line  
Hu et al. 2008 
Focus beam 
reflectance 
PSD, process state FBSG No In-line  Tok et al. 2008 
Spatial filter 
velocimetry 
PSD FBSG No In-line  Närvänen et 
al. 2008B 
Spatial filter 
velocimetry 
PSD FBSG No Off-
line  
Ehlers et al. 
2009 
  (Table continues on the next page) 
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Table 2.1. (Continues from the previous page) 
Technique CQA/CPP/Target of analysis Process MVDA Set-up Reference 
Spatial filter 
velocimetry 
PSD FBSG No In-line  Burggraeve et 
al. 2010 
Spatial filter 
velocimetry 
End-point detection, process 
trajectories 
FBSG Yes In-line Huang et al. 
2010B 
Spatial filter 
velocimetry 
PSD, early warning FBSG Yes In-line  Burggraeve et 
al. 2011 
Electrical 
capacitance 
tomography 
Fluidizing gas velocity FBD No In-line  Makkawi and 
Wright 2002 
Electrical 
capacitance 
tomography 
Moisture content, fluidizing 
gas velocity 
FBD No In-line  Wang et al. 
2009 
Electrical 
capacitance 
tomography 
Moisture distribution, 
uniformity of blend 
HSMG No In-line  Rimpiläinen 
et al. 2011 
Electrical 
capacitance 
tomography 
Moisture distribution,  
moisture content 
FBD No In-line  Rimpiläinen 
et al. 2012 
X-Ray Powder 
Diffraction 
Process-induced 
transformations 
HSMG No In-line Davis et al. 
2003 
Torque, power 
consumption 
End-point detection  HSMG No In-line Kopcha et al. 
1992 
Power 
consumption 
End-point detection HSMG No In-line  Watano et al. 
1995 
Power 
consumption 
End-point detection HSMG No In-line  Laicher et al. 
1997 
Power 
consumption 
Mean particle size, friability, 
Hausner ratio 
HSMG No In-line  Faure et al. 
1999B 
Power 
consumption 
End-point detection HSMG No In-line Holm et al. 
2001 
Power 
consumption 
Tensile strength, end-point 
detection 
HSMG No In-line  Betz et al. 
2003 
Process variables Classification of batch FBSG Yes In-line  Matero et al. 
2009A 
MVDA Multivariate data-analysis 
FBSG Fluidized bed spray granulator 
FBD Fluidized bed dryer 
HSGM High-shear mixer granulator 
2.3.1.1 NIR and Raman spectroscopy 
NIR and Raman spectroscopy are both referred to as vibrational spectroscopy, as the 
measured spectra are associated with molecular vibrations (Vankeirsbilck et al. 2002). The 
NIR signal is a consequence of the absorption of radiation in the wavelength range of 780-
2500 nm (Luypaert et al. 2007). The absorption causes either stretching or bending of 
molecular bonds, which due to anharmonic oscillations, can have energy states that are 
overtones of the fundamental vibrational frequency (Reich 2005). The strongest overtones 
are caused by the high dipole moment functional groups. Raman spectroscopy is based on 
the inelastic scattering of the radiation, which leaves the excited molecule at a different 
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vibrational state (Vankeirsbilck et al. 2002, Wartewig and Neubert 2005). The change in 
vibrational co-ordinates of the molecule occurs only if the electron cloud of the molecule 
deforms sufficiently, i.e. a change in the molecule polarizability is possible.  
NIR and Raman spectroscopy require no sample preparation and have low analysis time 
(Vankeirsbilck et al. 2002). NIR is especially sensitive to water, and has established itself as a 
popular in-process granule moisture content analyzer (Frake et al. 1997, Rantanen et al. 
1998, Findlay et al. 2005, Green et al. 2005, Rantanen et al. 2005., Alcalá et al. 2010, Leskinen 
et al. 2010). The high sensitivity of NIR has meant that the technique is suitable also for 
qualitative assessment of dry blend uniformity before addition of binder liquid (Rantanen et 
al. 2005).  In addition, NIR has been used for detecting changes in drug crystal structure 
during fluidized bed drying (Räsänen et al. 2003) and high shear mixer granulation (Li et al. 
2005). Few attempts have been made at monitoring PSD during wet granulation (Jørgensen 
et al. 2004, Findlay et al. 2005, Tok et al. 2010). The technique’s sensitivity towards water 
makes it difficult to estimate correlations between the spectral features and changes in 
granule size (Rantanen et al. 2005). However, since the NIR spectra are affected both by 
water content and size of the granules, it is popular choice for detecting the wet granulation 
process state (Tok et al. 2010) or the end-point (Jørgensen et al. 2004, Findlay et al. 2005, 
Rantanen et al. 2005). Since water is a weak Raman scatterer, Raman spectroscopy has been 
widely used in detecting process-induced solid-state transformations, most notably changes 
in the hydration state of the active pharmaceutical ingredient (Hausman et al. 2005, 
Wikström et al. 2005, Aaltonen et al. 2007, Wikström et al. 2008). It is also possible to 
monitor the chemical composition of granules and mass density distributions inside the 
granulation vessel by Raman spectroscopy (Walker et al. 2007).  
2.3.1.2 Focused beam reflectance and spatial filter velocimetry 
Focused beam reflectance method (FBRM) measures the chord length of a particle which is 
always assumed to be spherical. The FBRM instrument rotates a highly focused laser beam 
at a known tangential velocity (Heath et al. 2002). When a particle passes through the laser 
beam at the focal point, it reflects some of the light into the detector. Since the tangential 
velocity of the laser beam is known, the duration of the reflection is proportional to the 
width of the intersecting particle – assuming the particle velocity is significantly slower than 
the laser rotation.  
Spatial filter velocimetry (SFV) also utilizes chord length distribution to express PSD. The 
difference between the two methods is that, in principle, SFV detects the shadow cast by a 
moving particle. First, particles are illuminated by a focused laser beam. Then the reflected 
light is collected by a focusing lens onto detectors, usually consisting of an array of optical 
fibers (Fiedler et al. 1997). The detector output is a signal burst with a frequency directly 
proportional to the velocity of the moving particle. When the particle finally passes through 
a separate single optical fiber, it generates a shadow image evoking a pulse on the fiber 
whose duration depends on the particle size only since the velocity is known (Petrak et al. 
2002). Because the particle orientation in relation to the probe is random, a distribution of 
the chord lengths is ultimately obtained. The mean averages of the chord length 
distributions are comparable to those obtained with conventional sizing techniques (Heath 
et al. 2002).  
Both FBRM and SFV have been used in monitoring particle growth during the wet 
granulation process in fluidized beds and high shear mixers (Hu et al. 2008,  Närvänen et al. 
2008B, Tok et al. 2008, Ehlers et al. 2009, Burggraeve et al. 2010, Huang et al. 2010A). When 
the QTPP is related to PSD, these methods can be used to detect process trajectories, and to 
measure the end-point of the process (Tok et al. 2008, Huang et al. 2010A, Huang et al. 
2010B).  
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2.3.1.3 Microwave resonance technique and triboelectric probes 
Granule moisture content have been measured in-line with microwave resonance technique 
(MRT) and triboelectric probes (Portoghese et al. 2005, Portoghese et al. 2008, Bushmüller et 
al. 2008, Lourenço et al. 2011). When dielectric materials are placed into a microwave field, 
they align themselves in accordance with the polarity of the field. When the microwave field 
polarity is changed, MRT detects the energy disposition from the microwave field for each 
cycle (Buschmüller et al. 2008). Since water molecules are small, they can rotate freely 
within the particulate matter with the polarity of the field, while the rotation of larger 
dielectric molecules is hindered. The field energy loss correlates with the amount of water in 
the sample vessel. Triboelectricity is the transfer of electrical charge due to friction between 
particles and a conductive surface (Portoghese et al. 2005). The intensity and fluctuations of 
the current can be measured; these depend on particle characteristics such as moisture 
content, size, surface roughness and velocity. 
2.3.1.4 Power consumption and torque measurements 
If one is using a high shear mixer granulator, the impeller rotating at a high speed 
encounters growing resistance during the binder addition as the cohesivity of the binder 
blend increases. The force resisting the impeller blade rotation is related to torque and 
power consumption of the impeller motor, thus these two parameters can potentially be 
used for process monitoring and end-point detection (Kristensen and Schæfer 1987). The 
torque and power consumption are directly proportional to each other, although 
measurement of torque is more applicable in small laboratory-scale equipment. There have 
been numerous studies relating torque and power consumption to granule growth and end-
point detection (Kristensen and Schæfer 1987, Kopcha et al. 1992, Watano et al. 1995, Laicher 
et al. 1997, Holm et al. 2001, Betz et al. 2003). In addition to end-point detection, the power 
consumption can be used to monitor mean particle size, granule friability, Hausner ratio 
and tensile strength (Faure et al. 1999B, Betz et al. 2003). 
2.3.1.5 Acoustic emission technique 
Acoustic emissions (AE) are generated by the rapid release of energy within a stressed 
material (Wade et al. 1991). Part of the energy may propagate through the elastic material as 
longitudinal, acoustic waves. These emissions can occur in the audible region (10 Hz to 20 
kHz) or in the ultrasound region (> 20 kHz).  Whereas active acoustics measures the effect 
process has on a transmitted wave, the passive acoustic emission technique measures the 
acoustic waves created by the process (Boyd and Varley 2001). During wet granulation, 
acoustic waves are created by particle to wall collisions and friction. The intensity of the 
acoustic signals is controlled by the kinetic energy of the impacts, porosity, composition, 
and elasticity (Young’s modulus) of the particle.  
The acoustic emission technique has been used to measure mean particle size and PSD of 
rigid, isotropic particles (Leach et al. 1977, Leach and Rubin 1978, Leach et al. 1978), as well 
as the mean particle size of crystalline cellulose during fluidization (Tsujimoto et al. 2000). 
However, processed granules have irregular shapes, internal structures and chemical 
compositions, all of which are subject to change during the processing. Therefore, the 
extraction of information from acoustic signals from any particle engineering process can 
become extremely difficult (Esbensen et al. 1998). Moreover, the nature of AE technique is 
that it detects activities inside the process vessel, i.e. it measures what is occurring, whereas 
the other monitoring techniques presented in Table 2.1 provide direct physico-chemical 
information on the internal structure of the sample.  
However, due to low cost, non-invasiveness and suitability for a wide range of process 
conditions, the passive acoustic emission technique has gained widespread interest as a wet 
granulation monitoring tool, especially for the detection of CQAs or operational end-point 
in high shear mixer granulators (Whitaker et al. 2000, Briens et al. 2007, Daniher et al. 2008, 
Gamble et al. 2009, Papp et al. 2011, Hansuld et al. 2012). However, there have been much 
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fewer applications in fluidized beds. Turbulence from the fluidization air and high-pressure 
atomizing air cause significant levels of acoustic noise during the fluidized bed spray 
granulation process, and the detection of mean particle size is difficult. The PSD has been 
monitored during fluidized bed drying, during which the atomizer is turned off  (Tsujimoto 
et al. 2000, Jiang et al. 2007, Leskinen et al. 2011), as well as during actual wet granulation 
only a few times (Halstensen et al. 2006, Leskinen et al. 2011). Transitions between different 
process states and operational end-point have also been successfully monitored (Halstensen 
et al. 2006, Tok et al. 2008, Leskinen et al. 2011). 
2.3.1.6 Image analysis and imaging techniques 
All of the previously described monitoring techniques are indirect, i.e. the measured 
parameters, whether it is electromagnetic spectra or impeller power consumption, are 
correlated with CQAs via some statistical method. However, image processing is direct, and 
provides information in an easy, visually interpretable manner (Watano 2007). The technical 
details for capturing and processing the image can vary, but in principle, the system consists 
of a CCD camera, light source(s) and a PC interface. Image analysis has been used for in-line 
monitoring of PSD and particle shape factors in high shear mixer granulators and fluidized 
bed spray granulators (Watano 2001, Watano et al. 2001, Laitinen et al.  2004, Leskinen et al. 
2010).  
While image analysis is based on electromagnetic radiation at the wavelength of visible 
light, imaging techniques are those which use other parts of the electromagnetic spectrum 
or electrical properties of the material (Malcus et al. 2000, Barrera-Medrano et al. 2007). A 
3D imaging, or mapping, of the process vessel is called process tomography. While 3D 
imaging of fluidized bed spray granulation by spectroscopical methods is possible (Walker 
et al. 2007), electrical capacitance tomography (ECT) has been used more frequently for 
monitoring of granule moisture content and moisture distribution inside the process vessel 
(Wang et al. 2009, Rimpiläinen et al. 2011, Rimpiläinen et al. 2012). ECT is based on images 
of permittivity distribution which are obtained from capacitance measurement conducted 
between a series of sensors (Dyakowski et al. 1997). Since ECT is optimal for detecting 
density fluctuations, it is useful in monitoring fluid hydrodynamics in fluidized bed dryers 
(Makkawi and Wright 2002, Wang et al. 2009). 
2.4 MULTIVARIATE DATA ANALYSIS   
The main benefit of modern process analyzers (Table 2.1) is that they can produce data in 
real-time and without most of the errors inherent in manual sampling and sample transfer 
to an at-line or off-line analyzer (van Zoonen et al. 1999). However, the amount of data 
generated is enormous (Kettaneh et al. 2005). The number of measured variables can be 
several hundreds, or even more than 100 000, if spectroscopes which scan broad spectral 
ranges are being used, while at the same time the frequency of observations is higher than 
one per minute. Although the basic reason for obtaining large data sets is to reduce the 
uncertainty of the analysis, the data in huge sets is often highly correlated or redundant, 
thus the rank of the process data is usually far smaller than the number of measured 
variables (Kourti 2002). This results in minimal information content present in any one 
variable, which causes high signal-to-noise ratios. Moreover, missing sensor data is common 
due to sensor clogging or sudden process disturbances (MacGregor 1997). Thus, most often 
essential information is not contained in any one variable, but in the co-variation of the 
variables (Wise and Gallagher 1996, Huang et al. 2009). Thus univariate methods of 
regression, correlation and analysis of variance for example are not suitable for the analysis 
of multivariate and highly redundant data, instead various multivariate data analytical 
(MVDA) methods need to be utilized. 
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2.4.1 Multivariate projection methods 
The focus of any PAT systems should be on gaining physical and chemical understanding of 
the process (U.S. Food and Drug Administration 2004B). The data analytical methods have 
to be understandable and the results easily interpreted by non-statisticians, i.e. process 
operators, chemists or chemical engineers, otherwise the risks for misinterpretation of data 
and thus CQA and CPPs interactions become too large (Munson et al. 2006, Wold et al. 
2006). In addition, the statistical methods should be applicable to process troubleshooting, 
process monitoring, OOS detection and process optimization (Kourti 2002). There are two 
methods which meet the above mentioned criteria i.e. principal component analysis (PCA) 
and partial least squares regression (PLS). The methods are essentially used for data 
reduction, i.e. they reduce the dimensionality of the data by summarizing the information 
into a fewer novel, or latent, variables. PCA and PLS can both handle variable correlation, 
missing data and they are robust against noise in both X and Y data matrices (Wold et al. 
2001). In addition, the results can be plotted graphically which allows an intuitive visual 
interpretation. 
2.4.1.1 PCA  
PCA extracts information from a data matrix X containing N objects, or observations, and K 
number of redundant variables (Wold et al. 1987). Due to the variable redundancy, it is 
possible to express the information as a new set of orthogonal latent variables called 
principal components (PC). In essence, PCA extracts the major variance components from 
the data matrix X, i.e. the dimensions along which the objects are maximally separated, in 
terms of least squares (MacGregor 1997). This means that PCA attempts to find the 
maximum variance by minimizing the sum of the squares of the residuals, or the error 
terms. This bilinear model can be expressed as a product of scores T and loadings P 
matrices according to Equation 2.8 (Gabrielsson et al. 2002): 
 
ࢄ ൌ ࢀࡼ் ൅ ࡱ ൌ  ࢚ଵ࢖ଵ் ൅࢚ଶ࢖ଶ் ൅ǥ൅࢚஺࢖஺் ൅ ࡱ    (2.8) 
 
where T is the score vector matrix (N x A), PT is the coefficient matrix (A x K) and E matrix  
(N x K) contains the part of data not explained by the model, i.e. residuals. A is the number 
of calculated PCs. The first principal component (t1) is a linear combination of weighted K 
variables (ݐଵ ൌ ݌ଵ்ܭ). The weights, or coefficients, are obtained by iterating steps until the 
first component has the greatest variance. The second principal component (t2) is the linear 
combination (ݐଶ ൌ ݌ଶ்ܭ) which has the next largest variance but with the constraint that it 
must be orthogonal to the previous component and so on. A graphical illustration of the 
PCA data matrices and vectors is shown in Figure 2.10.  
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Figure 2.10. PCA data matrices. X is the data matrix containing  N observations and K variables, 
E is the residual matrix, t1 and t2 are the first two X-score vectors, i.e. principal components, 
and ଵ୘ and ଶ୘are the loading vectors. 
 
Vectors of the observed values of t1, t2,…,tK are called scores, and the vector coefficients for 
p1, p2,…,pK are called loadings (MacGregor 1997). The scores express the amount of 
variation in the (scaled) variables for a particular observation, while loadings describe the 
relative importance of each variable to the corresponding PC. As an example, two PCs are 
shown in Figure 2.11.  
 
 
 
Figure 2.11. A: The score for each observation is the distance from the projection on the PC to 
the origin of the coordinate system. Residuals are the orthogonal distances from the projections 
onto the corresponding PC. The second PC is orthogonal to the first PC. B: Loading value for 
each variable is the cosine of the angle θ between the variable and the PC. The example data is 
mean centered. Adapted from Geladi and Kowalski (1986). 
 
The number of principal components is restricted either to the number of variables or 
observations. While the first principal component models the best fit of the observation 
points by a straight line, a two-component model represents a 2D plane (Fig. 2.11 A). 
Subsequent components form a K-dimensional hypercube, which is extremely difficult to 
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visualize when K > 3. However, mathematically high-dimensional space is similar to a 2D or 
3D space (Wold et al. 1987).  
The value of PCA is in visualization power (Rajalahti and Kvalheim  2011). Since each 
observation obtains a particular score value on each PC, and each variable obtains a loading 
value, the data can be visualized by score plots and loading plots to reveal patterns, trends 
and outliers, as well as the covariances between the variables. 
2.4.1.2 PLS 
One of the most common data analytical problems is regression: the ability to model 
response variables Y by a different set of predictor variables X. When the number of 
predictor variables is large, and the variables are correlated, PLS regression allows for the 
investigation and analysis of such data (Wold et al. 2001). PLS is similar to PCA, but instead 
of decomposing only X space, PLS reduces the dimensions of two sets of data 
simultaneously. The X data matrix (N x K) and the Y data matrix (N x M) are decomposed 
with the concept of maximizing the covariance between X and Y by identifying new latent 
variables, or X-scores, which model X but also predict Y (see Figure 2.12). 
 
  
 
Figure 2.12.  PLS regression data matrices X and Y. X is the predictor data matrix containing N 
observations and K variables, t1 and t2 are the first two X-score vectors, i.e. principal 
components, and ݌ଵ்  and ݌ଶ் are are the loading vectors, and ݓଵ் and ݓଶ்  are the X-score 
coefficients. Y is the response data matrix containing M variables, u1 and u2 are first two Y-score 
vectors, and ݍଵ் and ݍଶ் are the weights for Y-score vectors. 
 
In PLS regression, the object is to create linear combinations of weighted X and Y variables 
with two sets of coefficients (wA and qA, respectively) with the predefinition that the 
covariance of these two linear combinations must be maximized. The X-scores (t1, t2,…, tA) 
are linear combinations of the original K variables of the X space, weighted by coefficients 
wka (k = 1,2,…, K, a = 1,2,…, A) (Eq 2.9): 
 
T = WX = ࢝૚࢞૚ ൅ ࢝૛࢞૛ ൅ǥ൅ ࢝࡭࢞࡭     (2.9) 
 
The X-scores (tA) can be multiplied by loading coefficients pak, to minimize the X-residual 
matrix E (N x M) in Equation 2.10: 
 
ࢄ ൌ ࢀࡼ் ൅ ࡱ ൌ  ࢚ଵ࢖ଵ் ൅࢚ଶ࢖ଶ் ൅ǥ൅࢚஺࢖஺் ൅ ࡱ    (2.10) 
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Similarly, Y-scores (uA) for the Y space are found by finding coefficients qam, i.e. weights  (m 
= 1,2,…, M) which give the smallest possible Y-residual matrix F (N x K) (Eq. 2.11): 
 
ࢅ ൌ ࢁࡽ் ൅ ࡲ ൌ ࢛ଵࢗଵ் ൅࢛ଶࢗଶ் ൅ǥ൅࢛஺ࢗ஺் ൅ ࡲ    (2.11) 
 
The X-scores are used to predict Y according to Equation 2.12:  
 
ࢅ ൌ ࢀࡽࢀ ൅ ࡲ      (2.12) 
 
where F are the Y-residual matrix expressing the deviations between the predicted and 
observed values. In essence, PLS is a linear regression method, and the inner relationship 
between X and Y can be expressed by Equation 2.10 (Geladi and Kowalski 1986):  
 
ࢁ ൌ ࢀ࡮ ൅ ࡲ       (2.13) 
 
where B is formed by the product of PLS regression coefficients W and QT. Since PLS is a 
projection method (Figure 2.13A-B), the results can be interpreted geometrically 
(Gabrielsson et al. 2002). The correlation between X and Y is shown in the X-score/Y-score 
(tA/uA) plots (cf. Figure 13), while examining the loading (wA/qA) plots illustrates the 
predictor variables’ effect on the responses in the corresponding principal component.  
  
 
Figure 2.13. A: Illustration of the linear model (ui = tibi + f) for the correlation between X-block 
score (t) and Y-block score (u) for the ith principal component. The relationshiup between ui and 
ti is expressed by ܾ௜ ൌ ݐܽ݊ߠ ൌ ݑ௜ݍ௜் (adapted from Geladi and Kowalski 1986). B: Projection of 
observations on a 2D hyperplane in a 3D space. PLS regression positions the observations on 
the hyperplane in a way that the observation scores have maximum covariance with the 
response variable(s) of Y. Adapted from Wold et al. 2001. 
2.4.2 Other multivariate methods 
PCA and PLS are probably the most widely used MVDA methods, and to some extent form 
the basis for many other MVDA methods (Kourti 2002). However, PCA and PLS are linear 
models, which fit well with human perception and ability to interpret. Unfortunately, many 
of the natural phenomena are nonlinear (Kettaneh et al. 2005). This is especially true for 
large data sets where many variables vary over large intervals. Moreover, batch process 
data can be considered to be of a third-order, i.e. instead of representing the data by matrix, 
it can be considered to be a cube where K number of variables are measured at N 
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observation points for each of M batches (see Fig. 2.14) (Kourti 2002). The analysis of 
nonlinear and/or multiway data requires the use of suitable MVDA methods. 
In the cases where the relationship between the latent variables and Y spaces are a  
polynomial function, implicit non-linear latent variable (INLV) regression can be used 
(Berglund and Wold 1997). INLV expands the X matrix by power and cross-terms of the X 
variables to model the quadratic, cubic or even higher order relationship of the data. The 
drawback of this method is that the results become increasingly more difficult to interpret 
as the number of variables increase. In addition, the amount of noise multiplies with the 
matrix expansion. Another way to model nonlinearities is by GIFI PLS (Eriksson et al. 2000), 
in which the original variables are divided into a number ‘bins’ at linear intervals. These 
‘bins’ are then used as a new variables in an ordinary PLS. However, predictions of Y 
cannot be made outside the training set with this approach.  
The simplest way to analyze multiway data is to unfold the data cube into a two-way 
matrix, and then to perform an ordinary two-way PCA or PLS (Nomikos and MacGregor 
1995). This procedure is called unfold-PCA and unfold-PLS, respectively. In batch-wise 
unfolding, each 2D block, or slice, is placed next to the previous one, so that each 
observation (matrix row) consists of the entire history of a single batch (see Fig. 2.14A). The 
model scores summarize the difference between the batches, while loadings describe the 
internal dynamics of each batch (Golshan et al. 2010). In observation-wise unfolding, the 
three-way data cube is unfolded in the batch direction, resulting in an (N x M) x k matrix 
(see Fig. 2.14B) (Wold et al. 1998). Thus the evolution of a single batch can be observed, 
although the time variance of variable correlation is missed. 
 
  
 
Figure 2.14. Representation of a two-way data matrix consisting of N number of batches and  k 
variables, and a three-way data cube consisting of N number of batches and k variables 
measured with a sampling interval of M. A: Batch-wise unfolding B: Observation-wise unfolding.  
 
A more advanced way to handle multiway data is to use algorithms specially tailored for 
this kind of data. Two examples of algorithms are parallel factor analysis (PARAFAC) and 
N-way partial least squares regression (N-PLS) (Bro 1996, Bro 1997). PARAFAC, also known 
as canonical decomposition (candecomp) is a trilinear generalization of PCA. It represents 
three-way data with a limited number of components, so that each component has loadings 
in one slice, or mode, of the data cube which are related to the component loadings in 
another mode (Harshman and Lundy 1994). Unlike PCA, the number of components in 
Parafac has a unique solution with respect to the sum-of-squares in the residual matrix, i.e. 
changing the number of components impacts on the fit of the model. Parafac describes how 
loadings of the components vary across the Mth dimension of the data cube (cf. Figure 2.14), 
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and provides insight into the real connections in the data (Kroonenberg et al. 2009). 
However, depending on the data set, there may not be an acceptable Parafac solution, and 
any attempt to compute can lead to infinite iteration of the data. 
N-PLS is similar to the PLS in the respect that at their core, they both perform an ordinary 
linear regression. In N-PLS, the relationship between the response variable(s) and datacube 
is obtained by regressing the latent variables. The first latent variable for the regression is 
obtained by decomposing a matrix of the datacube and the response variable vector product 
into two loading vectors and one score vector (Bro 1996). The loading vectors are in the 
direction of the variable modes and the score vector in the direction of the observations. The 
score vector is computed by iterating the two weight vectors until the best least squares 
model for the data cube is found with the constraint that the score vector has maximum 
covariance with the response variable(s). However, unlike PLS, the score vectors for the 
subsequent latent variables are not orthogonal to the previous ones, and the calculations 
have to incorporate the previous score vectors. The quantative and qualitative attributes of 
the bilinear methods are present in N-PLS as well. Compared to PARAFAC, N-PLS is 
computationally much lighter. In addition, N-PLS give more robust and interpretable 
models with less noise than unfold-PLS or the other bilinear methods, as the information 
from all modes is incorporated into the decomposition (Bro and Heimdal 1996, Faber and 
Bro 2002).  
2.5 PROBLEMS IN PROCESS ANALYTICAL TECHNOLOGY  APPLICATIONS 
In far too many instances the use of a modern analyzer, e.g. many of those listed in Table 
2.1, is regarded as a PAT application for the manufacturing process per se. Nonetheless it 
should be kept in mind that the acronym PAT stands for Process Analytical Technology, of 
which the Process Analytical part is too often disregarded in practice, instead the emphasis 
is placed on the Technology component. An innovative novel analyzer used for monitoring 
a single CQA, e.g. granule moisture content or a PSD, is no more than a moisture content 
analyzer or a PSD analyzer, and in that respect is directly comparable to a conventional 
laboratory analytical methods. As such, they seldom improve process understanding or 
enhance product quality, the very objectives of the PAT initiative (U.S. Food and Drug 
Administration 2004B). Instead, they provide the operators with  real-time information 
about the evolution of that particular CQA or CPP, e.g. whether it is within an acceptable 
range or not. However, it is unlikely that the specific property or measured quantity reflects 
what is happening in the rest of the process. In fact, in most cases, it is the correlation 
structure between many CQA/CPPs which changes due to process deviations, and not the 
monitored CQAs themselves (MacGregor 1997, Kourti 2005). Therefore often such in-line 
and on-line monitoring techniques are not used for process control or fault detection per se, 
but as data generators for post-production data analysis to allow a faster release of the batch 
product (Kourti 2005). Moreover, the focus in many PAT projects has been on the 
development of analyzers performing either in-line or on-line, i.e. an approach that puts too 
much emphasis on the sampling rate (Bogomolov 2011). For fast processes, slow on-line 
analyzer or algorithm does not provide real-time information about the CQA or the state of 
the process, while for long or ultra-long processes at-line or even off-line analysis can be 
readily acceptable. Moreover, a major problem with univariate process analyzers is that 
product quality is a multivariate property, and manufacturing a quality product would 
require the use of several process analyzers (cf. Table 2.1) (MacGregor 1997). Fortunately, 
usually many more process variables are measured than CQAs, with much higher sampling 
rate and precision. In addition, abnormal process conditions invariably leave fingerprints in 
the process data, while the same information may not be available in CQA data. Despite 
these advantages, the development of soft sensors, i.e. inferential models based on the PLC 
controlled process measurements has  been often shortsightedly neglected (Kourti 2006, 
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Nagy and Meszena 2009). The emphasis is put on the univariate measurement of single 
CQAs which usually do not reflect what is happening in the rest of the process  
Real-time measurements of CQAs by appropriate process analyzers have been mentioned 
as a single tool within the entire PAT framework (U.S. Food and Drug Administration 
2004B). The process analyzers are of great importance as they are the data supply for 
continuous learning and improving the scientific understanding of the multivariate 
relationships between CPPs and CQAs. In addition, process analyzers provide process 
signatures, i.e. trajectories that can be used for feedforward and feed-backward process 
control systems, process monitoring and end-point detection, based on the level of process 
understanding (Bogomolov 2011). The importance of process analyzers is paramount, but to 
some extent the focus on developing such analyzers in the early PAT projects has led to the 
widespread and erroneous belief that PAT equals an on-line analyzer, preferably 
spectroscopical and MVDA (Doherty and Lange 2006). Thus, in many instances, the 
analyzers are not chosen on the basis of any chemical or physical understanding, but rather 
by the misconception that this type of method is somehow needed or necessary for a 
successful PAT project (Andersen and Bro 2010). Thus the outcome of many research 
projects has been a “redundant monitoring system”, i.e. an in-line or on-line analyzer is 
used to detect certain process steps or stages, which are inherently controlled or at least 
recognized by the process operator already. Examples of such truistic actions include 
detecting the beginning of liquid addition during a wet granulation process, or detecting the 
beginning of the drying stage. While monitoring transitions between wet granulation 
process stages can be used to illustrate the sensitivity and potential of the technique in early 
feasibility studies, in many cases it concurrently demonstrates the lack of understanding of 
what relevant data should actually be collected (Ermer 2001).  
The relationship between process analyzers and process understanding is interwoven. In 
this respect, process analyzers are needed to gain scientific knowledge about the process, 
yet process understanding is required before one can select the best method of analysis 
(including sampling strategy), the correct variables sensitive to a specific event or CQAs or 
data analytical methods (Kourti 2005). This process analytical cycle has to be repeated until 
it provides an answer to the process-related problem (van Zoonen et al. 1999). In other 
words, the analytical cycle is repeated until it provides a level of process knowledge which, 
when implemented into practice, improves either product quality or process economy. 
Similarly to process analyzers, the other PAT tools and principles should depend on and 
provide process understanding. An illustration of the PAT framework is shown in Fig. 2.15.  
 
 
Figure 2.15. PAT framework. 
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In many of the early PAT studies, PAT was regarded as a validation and quality control 
system (Gernaey et al. 2010). The development of new in-line process analyzers was 
considered to be the key feature of PAT with the idea that the in-line process analyzers 
would replace the conventional off-line laboratory analysis in quality validation, thus 
creating an opportunity for real time release. This approach emphasized the analytical 
aspect of the PAT framework, while disregarding the importance of process understanding 
to the QbD. However, there have been few studies recently, which have demonstrated the 
potential of the PAT framework for improving FBSG process and product quality by 
allowing the analytical cycle to rotate without such conceptual restrains (Lourenço et al. 
2011, Burggraeve et al. 2010, Burggraeve et al. 2011). After establishing MRT as a CQA 
analyzer for granule moisture content, Lourenço et al. (2011) further used the technique to 
understand and compete the seasonal effects on the FBSG product quality. Similarly, 
Burggraeve et al. (2010) first developed a method for monitoring CQA during FBSG process 
by SFV. Later the CQA analyzer and temperature measurements were used to create models 
for the real-time evaluation of batch quality (Burggraeve et al. 2011). Figuratively speaking, 
Lourenço et al. (2011) rotated the analytical cycle several times to gain higher levels of 
process understanding which translated into improved quality, while Burggraeve et al. 
(2010, 2011) rotated the analytical cycle until process control became possible. These studies 
exemplifies the necessary direction of PAT studies, away from the analyzers and towards 
the understanding. 
The central role of process understanding can be further comprehended when some of 
the goals and/or requirements for the PAT tools and principles are considered (U.S. Food 
and Drug Administration 2004B); 
 
1. Process Control: an active adjustment of the process parameters based on 
data generated by process analyzers to ensure acceptable process trajectory 
2. Process Analyzers: definition of analysis problem, sampling strategy and 
selection of objects to be sampled/monitored is required prior to selection of 
the actual sampling/monitoring technique 
3. Real Time Release: evaluation of in-process or immediate final product 
quality using data from PLC controlled process parameters and/or process 
analyzers 
4. Knowledge Management: includes the collection of data and data mining 
for explaining the multivariate relationships between CQAs, CPPs 
(including all raw-material and in-process product attributes and process 
parameters) and QTPPs, with the aim of supporting continuous learning 
over the life cycle of the product 
5. Multivariate Statistical Tools: includes statistical design of experiments, 
variable selection, trajectory recognition, simulation and predictive models 
etc. 
6. Risk Analysis and Management: consists of identification and evaluation of 
all possible sources of variation to the product quality, and implementation 
of corrective actions (e.g. improving process control) 
7. Integrated Systems Approach: coordination of the above mentioned PAT 
tools and principles in an integrated (“systems thinking”) manner 
 
It is obvious that not only is in-depth process understanding required for a successful 
application of any of these tools and principles, but more process knowledge will ultimately 
be gained by the application. Thus process understanding should be at the very center of 
any PAT project. The goal of PAT is to “design and develop well understood processes that 
consistently ensure a predefined quality”, i.e. Quality by Design (U.S. Food and Drug 
Administration 2004B). QbD becomes possible only after a certain level of process 
understanding has been gained, and the knowledge is implemented into practice. At the 
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very least, PAT projects should lead to some accumulation of new process insight and 
knowledge which translates into an improvement in product quality or process economy. 
Otherwise these projects fail to meet industry’s needs and remain as an academic 
conversation piece, at best.  
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3 Aims of the Study 
The main objective of this study was to develop an in-line process analyzer based on passive 
acoustic emission technique for a pharmaceutical fluidized bed spray granulation process, 
as guided by the PAT framework. Moreover, improvement of wet granulation process 
understanding was a key feature of this study. The specific aims of the study were: 
 
I. To establish a non-invasive, in-line process analyzer with real-time data collecting 
capability for fluidized bed spray granulation process by the means of AE 
technique. 
II. To study the morphology and inhomogeneity phenomenon in fluidized bed 
produced granules, and provide a mechanistical description for granule growth 
in fluidized bed environment which leads to an inhomogeneous distribution of 
drug particles. In addition, it was intended to determine the transition points 
between the different granulation sub-processes 
III. To study the intragranular migration of water-soluble compounds during 
fluidized bed drying and air-circulation oven drying, and examine the effect of 
migration  on granule structure, strength and compression behavior. 
IV. To build predictive models for granule moisture content and granule size 
distribution based on AE spectra collected during fluidized bed spray granulation 
process with the means of multivariate projection methods. 
V. To utilize the AE technique as an early-warning system for out-of-specification 
situations and abnormal process deviations.  
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4 The Feasibility of Using Acoustic Emissions for 
Monitoring of Fluidized Bed Granulation1 
ABSTRACT 
Fluidized bed granulation has a complex and multi-variate nature and it must be handled in 
a multivariate way. Until recently, granulation has been investigated by monitoring a few 
process parameters separately, such as in- and outlet air humidity and temperature. These 
individual parameters carry information about the process based on previous experiments 
utilizing the same process conditions and the granulation end-point has been estimated by 
taking advantage of existing experience that has led to desired end product. However, this 
univariate data management approach, i.e., separate parameter detection, does not provide 
any information about the intercorrelation structure or collinearity of the process 
parameters. In this paper we introduce a method for the implementation of real-time water 
content and granule size determination during granulation from acoustic emission spectra. 
Both these attributes are widely used in the detection of the quality by characterizing the 
desired end product. Our results show the potential of acoustic emission spectra to contain 
relevant physical information about the process.  
  
                                                 
1 Adapted with permission of Elsevier from: Matero S*, Poutiainen S*, Leskinen J, Järvinen K, Ketolainen J, 
Reinikainen S-P, Hakulinen M, Lappalainen R, Poso A. The feasibility of using  acoustic emissions for monitoring of 
fluidized bed granulation.  Chemom.  Intell. Lab. Syst. 97: 75-81, 2009. 
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4.1 INTRODUCTION 
Fluidized bed granulation is an important process for powder production and handling in 
the pharmaceutical industry. During fluidized bed granulation, the powder is suspended in 
an upward moving gas. A liquid binder is sprayed onto the powder, causing fine particles 
to agglomerate into larger granules. The agglomeration is directly affected by the powder 
bed's moisture content, which is a result of several cross-related process variables, such as 
spray droplet size, spraying rate, quantity of solvent, fluidizing gas flow rate and the inlet 
air temperature and relative humidity (Faure et al. 2001, Rambali et al. 2001, Hemati et al. 
2003Bouffard et al. 2007). The difficulty in fluidized bed granulation is to obtain the desired 
granule properties by balancing the different process variables. 
The granule properties, such as size distribution, porosity, hardness and moisture 
content, must meet strict specifications. There are several granule properties that have a 
major effect on the processed end product, usually a pharmaceutical tablet (Dejong 1991). If 
one wishes to obtain a quality end-product, then there must be a control of the process 
variables and conditions. The bed moisture content has been used as a property indicative 
of the progress of granulation, and several monitoring methods have been developed for in- 
and on-line measuring of the granule moisture content. Near infrared spectroscopy (NIR) 
was successfully used by Frake et al. (1997) and subsequently by Rantanen et al. (1998, 
2000A, 2001) for the in-line moisture content measurement during fluidized bed 
granulation. However, the application of NIR spectroscopy in fluidized bed suffers from 
some disadvantages. The installation of expensive probes requires installation of an orifice 
or a window in the granulator vessel, and collecting representative spectra can be 
problematic due to probe or window becoming clogged by the wet, agitated powder. A few 
studies have been published recently considering the use of triboelectric probes for on-line 
monitoring of the moisture content of the granular solids (Portoghese et al. 2005, Portoghese 
et al. 2008). However, reliable measurements of the moisture content with the triboelectric 
probes can only be performed during the drying phase of the fluidized bed granulation. 
The bed moisture content is an important factor needing to be controlled, since over-
wetting of the system can lead to wet quenching of the process, causing the loss of the entire 
batch. However, in a size enlargement process, the granule size provides the best and most 
direct indication of how the process is progressing. Image analysis of the powder bed 
surface has been of assistance in the determination of granule size (Watano  and Miyanami 
1995, Watano 2001). The usability of the method at-line was confirmed subsequently also by 
Laitinen et al. (2002). Focused reflectance beam measurement has also been introduced to 
monitor granule growth during fluidized bed granulation with excellent results (Hu et al. 
2008). However, these optical methods share similar problems with NIR discussed above, 
namely the contamination or clogging of optical probe or lens by the wet powder and on-
line analysis can become problematic without precautionary system set-ups. 
Acoustic emission (AE) monitoring has been introduced into a wide variety of chemical 
engineering processes (Boyd and Varley 2001) including fluidized bed granulation 
(Tsujimoto et al. 2000, Briongos et al. 2006, Halstensen et al. 2006, Jiang et al. 2007), fluidized 
bed coating (Naelapaa et al. 2007), high-shear granulation (Whitaker et al. 2000), and 
powder compaction (Salonen et al. 1997, Serris et al. 2002). However, very few studies have 
examined AE monitoring of the process moisture content. Tsujimoto et al. (2000) conducted 
AE measurements in a small-scale fluidized bed granulator to examine the effects of 
different process variables on mean AE amplitude. They observed that the mean AE 
amplitude decreased as the particle moisture content increased. The amplitude decrease 
occurred only after the particles were sufficiently saturated to reach a capillary state and 
began to agglomerate due to liquid bridge formation. Halstensen et al. (2006) used acoustic 
chemometrics (Esbensen et al. 1998) in a semi-industrial pilot granulator to monitor process 
state and product quality. They were able to detect early warning signs for the reactor 
shutdown from the AE sensor data, as well as being able to predict the granule moisture 
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content with satisfactory results. Briens et al. (2008) used AE monitoring to determine rotary 
drying end-point which was defined as the point of maximum surface moisture removal 
from the solids before any significant attrition occurred. They used standard deviation 
analysis of the acoustic signals, and claimed that hits represented a straightforward method 
for the detection of drying end-point. An estimation of the solids moisture content during 
the drying process was obtained by Fourier- and wavelet analysis of the acoustic signals. 
However, Briens et al. (2008) measured AE in the audible frequency spectrum, which 
required that there was a controlled, low background noise which can be rarely achieved in 
industrial settings. According to Tsujimoto et al. (2000), measurements below 100 kHz 
frequency are most susceptible to the background noise and mechanical vibrations caused 
by the equipment. In the work published by Briongos et al. (2006), acoustic signals were 
studied within the frequency region of 0–250 Hz. This low frequency region was found to be 
highly sensitive to interference by background noise. 
The objective of this research was to evaluate the potential for using acoustic emissions to 
monitor fluidized bed granulation. The basic concept behind AE monitoring of fluidized 
bed granulation is that when granules grow larger and when the moisture content changes, 
their elastic properties also change. These changes in elasticity will affect the acoustic 
emissions caused by the particle impacts and friction, since in a process involving moving 
particles, collision impacts and friction between the particles and between the particles and 
the vessel walls generate acoustic emissions (Tsujimoto et al. 2000). However, the 
relationship between granule size and acoustical signals is not straightforwardly 
established. The generation of acoustic waves depends on granule's elasticity, which is 
affected by many interlinked granule properties (for example size, shape, hardness, density, 
porosity, moisture content and uniformity of composition). Also, the kinetic energy of a 
granule varies during the fluidization cycle. This further affects the acoustic emission 
depending on at which point of the fluidization cycle the granule impact on chamber wall 
occurs. In the case of isotropic, spherical particles of homogenetic composition and density, 
the particle size has been successfully determined from acoustic emissions (Leach et al. 1977, 
Leach et al. 1978) in a rotating-drum typed vessel. However, a real-world pharmaceutical 
granule is porous, has irregular shape, and composition can vary depending on the size of 
the granule. In the only previous study considering the relationship between the size of a 
pharmaceutical granule and acoustic emission in fluidized bed (Tsujimoto et al. 2000) it was 
concluded that the acoustic emission amplitude reflected the particle size during 
fluidization only when the other particle properties (such as sharpness of particle size 
distribution, density, and shape) were nearly the same between the different sized particle 
samples.  
Two different case studies are provided. The purpose of the case 1 study was to develop 
a model for detecting and distinguishing qualitatively different sized pharmaceutical 
granules from acoustic emissions during fluidization. In case 2 study a model was 
developed for quantification of the bed moisture content during granulation. For these 
models, data from process variables and AE signals within the frequency region of 50–625 
kHz were combined using the Partial Least Squares (PLS) regression and principal 
component analysis. 
4.2 MATERIALS AND METHODS 
4.2.1. Materials 
The powder used in the granulation included 60 w/w% of a common, hydrophobic 
pharmaceutical ingredient, 20 w/w% of a hydrophilic excipient in a monohydrate form and 
20 w/w% of a polymeric excipient to increase the flowability of the powder mix. The 
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batch size for each granulation was 300 g of the powder mix. The binder liquid consisted of 
15 w/w% polyvinylpyrrolidone (Povidone K-30) in grade II Millipore water (Elix-5, 
Millipore, USA). For each granulation, 150 g of the binder liquid was used.  
4.2.2. Granulation set-up  
All granulations were carried in a bench-scale top-spray Aeromatic STREA-1 granulator 
(Aeromatic-Fielder AG, Switzerland). A custom made, novel, granulation chamberwas 
developed and manufactured for this study (Fig. 4.1). The granulation chamber consisted of 
separate modules in order to have a system with adaptable measurement geometry. A total 
of 15 granulations with subsequent drying periods were carried out in the determinations of 
the bed moisture content. The granulation phase lasted about 25 min, followed by a drying 
period of 25 min. The inlet air temperature fluctuated between 35–40 °C during granulation 
and drying due to automatic on–off switching of a thermal overload relay which prevented 
the air heater unit from overheating. The binder was conveyed by a STREA-1 peristaltic 
pump (Aeromatic- Fielder AG, Switzerland) at 5.0 ml/min rate. The atomizing air pressure 
was 0.6 bar. The fluidization air volume was set at approximately 18 m3/h at the beginning 
of the granulation andwas increased up to 36 m3/h to maintain proper fluidization as the 
granulation progressed. During the drying phase, the fluidization air volume was decreased 
to approximately 25 m3/h. The fluidization air volume was calculated from the air velocity 
at the air exhaust port. For the granule size determination during fluidization, several 
granulations were carried out. The dried endproducts were sieved in eight sieve fractions. 
Different sieve cuts were combined until there was enough granular material for each sieve 
fraction, and these were then separately fluidized with a constant fluidization flow rate. 
 
 
Figure 4.1. The scheme for fluidized bed granulator set up. 
 
During the granulation processes, eight process variables were monitored and stored by 
a Grant Squirrel SQ800 datalogger (Grant Instruments (Cambridge) Ltd., Shepreth, U.K.) 
and SquirrelView Assistant software (version 3.0.70, Grant Instruments (Cambridge) 
Ltd., Shepreth, U.K.).The relative humidities and temperatures of in- and outlet air as well 
as the ambient room were measured by EE21 temperature and relative humidity transmitter 
(E+E Elektronik, Engerwitzdorf, Austria). The powder mass temperature inside the 
granulation chamber was measured by a T-type thermocouple (Amestec Oy, Helsinki, 
Finland) in a custom made sheath. The air velocity at the air exhaust port was measured by 
a MiniAir 6 anemometer (Schiltknecht Messtechnik AG, Gossau, Switzerland).  
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4.2.3. Measurement of AE  
An AE transducer (Vallen-systeme VS-150M wideband with 150 kHz resonance peak) was 
attached to the granulation chamber (Fig. 4.1). Silicon grease was used in the interface to 
optimize contact between the transducer and the chamber wall. AE signals were recorded 
with an ultrasound instrument consisting of an amplifier (Vallen-systeme AEP4), 
preamplifier (Vallen-systeme AEP3 with active bandpass filter) and 16 bit A/D- card 
(National Instruments, USB-6251M with 1.25MS). The measurement software was 
developed with Matlab 7.3. (The Mathworks Inc., Natick, USA). In the moisture content 
determination, AE was measured at the beginning of each granulation and every 30th 
second thereafter to the end of the drying period. In the granule size determination, 
granular material from each sieve fraction was fluidized separately at a constant fluidization 
flow rate for 10 s and the AE was measured every 2nd second. The granular material was 
then removed from the chamber and sieved to remove any broken granules. This procedure 
was carried out three times. Each AE measurement was recorded for 2 s of AE signal within 
the frequency band of 50–625 kHz during each time point. Sampling rate was 1.25 MHz. The 
recorded measurements were split into 50 consecutive streams and analyzed by fast Fourier 
transform algorithm (FFT) one by one. Finally, these 50 spectra gathered by FFT were 
averaged and subdivded as one 32 segment vector of AE frequency response of that time 
point. An example of the AE spectra manipulation for one batch is seen in Fig. 4.2 A, B.  
 
 
Figure 4.2. A. The recorded acoustic emission (AE) signals from the granulation. B. The 
segmented AE signals by averaging the original signal presented in Fig. 2. A. 
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4.2.4. Reference method 
The reference moisture content determination was made by coulometric Karl Fischer 
titration (Mettler Karl–Fischer titrator DL 35, Mettler Toledo AG, Switzerland). A sample 
removal unit was attached to the custom made granulation chamber, and approximately 
1.2 ml sample was extracted from the granulation chamber at the beginning of the 
granulation and every 5 min until the end of the drying period. After extraction, the sample 
vessel was tightly sealed to prevent desorption. Three titrations were done for each sample, 
and the average was used as the reference moisture content (KF%). Since the Karl Fischer 
titration also determines bound water, the amount of hydrated water of the hydrophilic 
excipient was taken into account when calculating the bound water content. 
4.2.5. Data and pre-processing prior MVDA  
Case I: The X data matrix in the PLS and PCA analysis consisted of AE spectra measured 
from the fluidized bed for different granule size ranges and their parallel measurements. 
The response data matrix consisted of sieved particles measured before fluidization, i.e. 
granules from the sieve cuts of 0.088, 0.15, 0.21, 0.297, 0.75, 1.68, 2.38 and 4.00 mm. The sieve 
cut diameter refers to the lower limit of the respective sieve fraction. Two blends each 
containing two different granule sizes were used as external test sets to elucidate the 
goodness of the model. Blend 1 (Blend1) consisted of granule sizes of 0.297 and 0.75 mm and 
the second blend (Blend2) consisted of sizes of 0.15 and 2.38 mm, respectively. In addition, 
AE signals measured from fluidizing the powdery starting material, i.e. pure powder was 
used as an external test set. The fluidization air volume was kept constant in each run to 
simulate the fluidization conditions during granulation. 
Case 2: The X matrix to be modelled consisted of AE spectra measured during 
granulation and six process variables. The process variables were mass temperature (Tmass), 
inlet air temperature (Tin), inlet air relative humidity (RHin), outlet air relative humidity 
(RHout), outlet air temperature Tout and relative humidity of ambient room air (RHair). KF% 
measurements of the samples taken from the granulation chamber at predetermined time 
points were used as reference response values in the PLS model. The model performance 
was evaluated by the external test set consisting of AE signals in a course of granulation. No 
reference KF% values were available for the test set, only a priori knowledge of the KF% 
profiles increasing from the beginning to the end of the process. 
Data for each model were obtained from different batches in order to stabilize any batch-
to-batch of variation. The data analyses were carried out using PLS_toolbox version 4.0 
(Eigenvector Research Inc. 2007). 
4.3 RESULTS AND DISCUSSION 
4.3.1. Case I: Granule size determination 
The natural clustering of the data from one studied batch according to principal 
components is presented in Fig. 4.3. The AE spectra were auto-scaled prior to analysis. The 
PCA modelwas constructed the most important variation source, frequencies f4–f14 in the 
measured AE spectra during the granulation. Each cluster in Fig. 4.3 includes granules only 
of the same size fraction. The clusters are distinctively separate, which indicates that AE 
signals contain information on granule size. In Fig. 4.3 the granule size in the clusters 
increases in the direction of principal components. Some of the clusters are more widely 
spread in Fig. 4.3 which is partly due to a size distribution of granules within the sieve cuts 
and possible breakage of granules during the fluidization. Furthermore, some of the clusters 
are closer to each other. This is most probably because of some structural similarities in 
adjacent sieve fractions. Despite the size difference, granules may have similar structures in 
regards of, for example, density and/or shape, which to some extent results in similarities in 
AEs. 
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Figure 4.3. PCA scatter plots: granules sizes separated according to the recorded AE signals 
during fluidization. 
 
The first PLS model was calibrated using evenly distributed granules sizes covering the 
range of interest, i.e. with radii of 0.15, 0.75, 1.68 and 2.38 mm. Only one component was 
needed with R2X=97% and R2Y=76%. However, when projecting the test set consisting of 
different granule sizes, i.e. smaller ones and larger granules (blend1 and blend2) into the 
model, them odelling performance was poor. The predictions of different granules sizes in 
the blends were the averages of the different sizes in the blends (Table 4.1). This is because 
the AE spectra are the sum spectra of different size fractions in the blends and the PLS 
method is not able to differentiate this kind of information. In order to have a model which 
is able to separate the frequency region of the AE spectra mostly affected by either the 
smaller or the larger granules in the blends, two separate PLS models must be developed. 
 
Table 4.1. The predicted granules sizes according to the first PLS model calibrated using evenly 
distributed granule sizes. 
 
Blend Granule sizes (mm) Predicted size (mm) 
blend2_1 0.15 & 2.38 0.640 
blend2_2 0.15 & 2.38 0.762 
blend2_3 0.15 & 2.38 0.865 
blend2_4 0.15 & 2.38 0.851 
blend2_5 0.15 & 2.38 0.836 
blend2_6 0.15 & 2.38 0.853 
 
The second PLS model was calibrated using only the four smallest granule size fractions 
(R2X =95% R2Y=83% with one component). Table 4.2 shows the predictions of the test set 
which contains both blends and the pure powder. According to the results, the smallest 
granule size fractions in the blends were nicely predicted. Also, the particle size of the pure 
powder was nicely predicted, since the particle size is similar to the particle size of the 
smallest granule size fraction (0.088 mm) which in fact mostly consists of ungranulated 
starting powder. Interestingly, a slight decrease in the particle size of the powder was 
observed. When the powder is poured in the granulation chamber, loose bonds are formed 
between particles due to close packing of the powder bed. The forces holding the particles 
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together cannot resist the shear forces caused by the agitation. When the fluidization 
commences, these loose agglomerates will quickly break down. According to the regression 
vector of the PLS model, the AE signals, i.e. f4–f14 increase when the granule size increases 
(Fig. 4.4 AB).  
 
Table 4.2. The predicted granules sizes in the blends and for powder. 
 
Blend Granule sizes (mm) Predicted size (mm) 
blend1_1 0.297 & 0.75 0.316 
blend1_2 0.297 & 0.75 0.310 
blend1_3 0.297 & 0.75 0.327 
blend1_4 0.297 & 0.75 0.305 
blend1_5 0.297 & 0.75 0.318 
blend1_6 0.297 & 0.75 0.311 
blend2_1 0.15 & 2.38 0.640 
blend2_2 0.15 & 2.38 0.762 
blend2_3 0.15 & 2.38 0.865 
blend2_4 0.15 & 2.38 0.851 
blend2_5 0.15 & 2.38 0.836 
blend2_6 0.15 & 2.38 0.853 
powder_1 - 0.050 
powder_2 - 0.033 
powder_3 - 0.025 
powder_4 - 0.020 
powder_5 - 0.014 
powder_6 - 0.010 
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Figure 4.4. A. The regression vector for the 1-component PLS model. B. The AE spectra recorded 
for five smallest sizes (blue lines stand for 0.088 mm, green for 0.15 mm, blue for 0.21 mm, red 
for 0.297 mm and yellow for 0.75 mm.) The AE signal increases when granule size increases. 
 
The third PLS model was calibrated using the four largest granule size fractions. In this 
scenario, the two-component PLS model (R2X=99% R2Y=85%) was not able to predict the 
larger granule sizes reliably from the blends (Table 4.3). The pure powder was not used in 
the test set since such small particle size information was not included in the model. Here, 
the intensity of the AE signals did not increase in a similar fashion according to size as had 
been the casewith the smaller granules. Instead, the most important variation of the 
intensity of AE spectra decreased when the granule size increased above a certain limit (Fig. 
4.5 A, B). The problem with the AE signals caused by the larger granules most probably 
arises from the granulator set-up shown in Fig. 4.1. In a lab scale fluidized bed granulation, 
the AE signal should propagate in the uniform medium without being disturbed by the 
distance (Briongos et al. 2006). Whitaker et al. (2000) pointed out that when using AE in 
fluidized bed granulation, the signal of the particles' impact can be monitored only from the 
wall near the detector. Thus, if there is any absorbing point, i.e. an absorbing medium 
intervening or a discontinuation point, the signal may experience an energy loss when 
propagating from the point of incidence to the detector. In our study, the granulator 
chamber consisted of three separate modules which were sealed airtight by the rubber 
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gaskets (Fig. 4.1). During fluidizing, the largest granules in the chamber do not flow above 
the lowest module and thus do not reach and collide into the middle module where the 
detector is located. The middle, cone shaped, module is connected to the lowest module by 
a rubber o-ring partially terminating the acoustic wave path between the modules of 
frequencies monitored. This affects the intensity of the signal caused by the biggest granules 
due to above mentioned reasons. Thus, the position of the detector and the effect of the 
absorbing material between the modules of the chamber need to be carefully evaluated in 
future measurements and also in calibrating the global model for granule size 
determination.  
 
Table 4.3. The predicted granules sizes in the blends and for powder. 
 
Blend Granule sizes (mm) Predicted size (mm) 
blend1_1 0.297 & 0.75 1.023 
blend1_2 0.297 & 0.75 1.026 
blend1_3 0.297 & 0.75 0.915 
blend1_4 0.297 & 0.75 1.010 
blend1_5 0.297 & 0.75 0.910 
blend1_6 0.297 & 0.75 0.922 
blend2_1 0.15 & 2.38 2.158 
blend2_2 0.15 & 2.38 2.258 
blend2_3 0.15 & 2.38 2.312 
blend2_4 0.15 & 2.38 2.333 
blend2_5 0.15 & 2.38 2.364 
blend2_6  0.15 & 2.38 2.300 
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Figure 4.5. A. The regression vector for the 2-component PLSmodel. B. The AE spectra recorded 
for three largest sizes (black lines stand for size of 1.68 mm, green 2.38 mm and red 4.00mm.) 
The AE signal decreases for larger granules. 
 
The granule size and the granule size distribution during the granulation are important 
characteristics in evaluating the process, and determining the quality criteria for granulation 
end-point. These results show that the granule size information is hidden in the AEspectra 
and together with multivariate methods these techniques provide a potential tool for the 
determination of granule size, despite other granule properties contributing to AE as well. 
However, in order to obtain nice estimates for different granule sizes in blends, models 
covering the range of interest need to be used. The uncertainty in prediction of granule sizes 
arises from the fact that the granule sizes used in the PLS model are not the absolute values, 
as noted earlier by Halstensen and Esbensen (2000). This is due to the sieving process, 
which assumes that granules are spherical and form a narrow, normal size distribution in 
the sieve cut. For irregular shaped granules, which are formed usually in fluidized bed, 
sieve analysis does not yield reliable results. Moreover, some of the granules were 
predictedto have lower size values than expected but this might be due to their breakage 
during the fluidization.  
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4.3.2 Case II: Granule water content prediction 
The granule water content PLS model was calibrated using AE spectra in conjunction with 
the process variables obtained during the fluidized bed granulation. The model with the 
best performance (3 components, R2X=89.5%, R2Y=69.0%) was calibrated using the output 
process variables, i.e. Tout, Tmass and RHout and the most important variation source, 
frequencies f3–f14 in the measured AE spectra during the granulation. Prior to the PLS 
analysis, the process variables were weighted by the maximum variance of the acoustic 
emission data in order to obtain the same variance level for process variables with respect to 
AE spectra. Since the batches varied considerably with their respective AE measurements 
and process variables, one crucial factor was taken also into account for further analysis, 
namely the relative humidity of the ambient air. As a result, the KF% measurements from 5 
batches out of 15, where the relative humidity of the ambient air was between 20–24%, were 
used in calibration. 
 The water content predictions for several batches are presented in Fig. 4.6 A–D where the 
red dots refer to the reference values. The typical trend for KF% values during granulation 
is that initially the granule water content increases rapidly and then reaches the plateau, i.e. 
the steady granule growth phase in the later stages. At the end of the granulation, both the 
predicted and measured water contents decreased slightly for some batches. This can be 
explained by the fact that the water content is relatively higher in larger granules than in 
their smaller counterparts, since the larger granules are made of smaller primary particles 
and they have a larger internal surface area, and thus contain more liquid binder. In 
addition, the AE detector may not detect the total signal for larger granules, as concluded 
from the first case study. Adhesion of the wet mass onto the chamber walls can also affect 
the intensity of AE signals. 
The trend in the reference values indicates that the KF% technique may not be reliable as 
the reference method for granule water content determination due to the uncertainties in 
collecting representative granule samples (Fig. 4.6 C). For example, the larger granules 
which contain more binder liquid do not reach the orifice of the sample removal unit and 
thus there is a bias introduced into the moisture detection in the system. Furthermore, 
during the removal of the sample, the sample comes into contact with room air for a short 
period of time. When the relative humidity of the ambient room air is low, the water content 
of the samples may change noticeably due to desorption of the granule surface moisture. 
For example, in Fig. 4.6 C the measured KF% reference values indicate the higher value at 
the midpoint of the granulation process. This may be either a measurement error or an 
unrepresentative sample containing only the smaller and less wet granules. 
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Figure 4.6. A. The observed and predicted water content profiles for batch G 33, B. for batch G 
43, C. for batch G 45, D. for batch G 36. Red dots in the figures indicate the reference water 
content (KF%) values for granule samples at predetermined time points and blue lines indicate 
for predicted water contents. 
 
 However, in spite of the uncertainties, the water content profile was nicely predicted, 
particularly for batches G33, G36 and G45 (Fig. 4.6 A, C, D). The predictions obtained for 
batch G43 differ substantially from the reference and the unusual variation in the data can 
be observed from the residuals (Fig. 4.7). According to the contribution plots and the 
appearance of the raw data (not shown) its AE spectra differs from the spectra of typical 
batches. The reason for this outlying behavior is an atypical process condition, i.e. the 
presence of a small rubber piece inside the granulation chamber, which had an effect on the 
AE signals. The rubber piece originated from the rubber seal of the chamber cover, and it 
had size of 2.4 cm3. Thus it can be concluded AE method is highly sensitive for following 
the granulation process. Moreover, in all figures, special events were evident, i.e. sudden 
shifts in the profiles after the sample removals (for KF% measurements) and the restart of 
the process. These process shifts are in turn caused by the manual shaking of the filter, 
which prevents the powder segregation to the filter (Fig. 4.1). After the shaking, the drier 
granules merge with the bed, creating local differences in the bed moisture content. This can 
be seen as downward shifts in the predicted water content profiles especially in case of 
batch G45 (Fig. 4.6 C).  
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Figure 4.7. The residual plot for the unsuccessful batch G 43.  
 
In spite of the nice predictive performance of the models, the batch-to-batch variation is a 
major issue in the modelling. The variation between the batches arises most probably from 
the extensive variation in the relative humidity of the inlet air or from other uncontrollable 
process conditions, i.e., random differences in the size distribution of primary particles, 
which all can affect mixing behaviour, granule formation and bed load. The measurements 
were performed on several days during the winter, when the relative humidity of ambient 
air varied between 5 to 24%. It can also be seen that with apparently similar process settings 
(inlet air temperature and humidity) there are still differences in the outcome, especially in 
the granule water content. Even though AE measurements together with the output process 
parameters carry information about the water content, it is obvious that the batch-to-batch 
variation has to be controlled better in order to obtain more reliable models for process 
monitoring. 
4.4 CONCLUSIONS 
In the present study, the granule size and water content were determined during 
fluidization. For the quantification models, the information from the process parameters 
and acoustic emission data were combined using PLS regression. The models represented 
enabled the granule water content to be tracked throughout the granulation process and 
granule size determination during fluidization in most cases. Thus, the multivariate 
methods were able to preserve and extract physical information from the acoustic emission 
spectra of fluidization and granulation. The relative humidity of ambient air is crucial in 
determining the granule moisture and therefore it is important to stabilize its effect on the 
model and batch-to-batch variation. Also, the AE measurement set-up should be carefully 
validated. 
In order to minimize computing time for the AE signals and simplify the data handling, 
the spectra were pre-processed by averaging them into segments. The pre-processing was 
seen essential for the good quality of the models and the averaging the spectra included 
enough process information for the models. However, the problem remains, that we still 
cannot see inside the granulation process and therefore more research needs to be done. 
Nonetheless, the results show that AE method is a highly sensitive method for determining 
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even the smallest granule sizes in powder blends and unusual process conditions, i.e. an 
external material in the granulator. Thus, the method is a promising technique to be utilized 
as a process analytical tool for the pharmaceutical industry since it provides useful 
information about the quality attributes of fluidized bed granulation in real-time. 
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5 Estimation of Granule Size Distribution for Batch 
Fluidized Bed Granulation Process Using Acoustic 
Emission and N-way PLS2 
ABSTRACT 
Fluidized bed wet granulation of a pharmaceutical mixture is an unpredictable and complex 
process. Batch-to-batch variation, i.e. output material inconsistency, is still an unmanaged 
problem in fluidized bed granulation. The variation in outcome with different size 
distributions and yield arises from process conditions, which until now have proved 
difficult to control. The good quality batch is usually one with a high yield of the desired 
narrow granule size distribution. Thus, for successful granulation the size distribution 
needs to be controlled throughout the process in order to prevent the heterogeneity of 
different batch runs and inconsistent batch products. This paper introduces a method for 
determining end-product granule size distribution in the early phase of granulation, based 
on the observation that the quality of the early phase nucleation strongly affects the quality 
of the end product. In the quantitative model, the information gained from the process 
stream acquired with an acoustic emission (AE) transducer was combined and modeled 
using an N-way PLS method. Reference sieve analysis for the granule size distribution was 
performed off-line and was used as the response variable. AE monitoring is a non-invasive 
technique for evaluating granulation process performance by detecting the sound of particle 
impacts. AE caused by the particle–chamber wall interaction is influenced by the size of the 
granules; thus AE contains information about the granule size distribution. This study 
shows for the first time that the nucleation phase of granulation can be detected using AE 
techniques, and thus the possibility of predicting end product granule size distribution by 
means of AE measurement during the nucleation phase.  
  
                                                 
2 Adapted with permission of Wiley from: Matero S, Poutiainen S, Leskinen J, Järvinen K, Ketolainen J, 
Poso A, Reinikainen S-P. Estimation of granule size distribution for batch fluidized bed granulation process using 
acoustic emission and N-way PLS. J.  Chemom. 24: 464-471, 2010. 
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5.1 INTRODUCTION 
Fluidized bed spray granulation is a common unit operation in the pharmaceutical 
industry. It is used to increase particle size, which enhances flow characteristics of the 
material and therefore ensures a more uniform die filling during tablet compaction. 
Furthermore, granulation prevents dusting and segregation, and a more homogeneous 
tablet composition is thus attained. Compared to other granulation methods, fluidized bed 
spray granulation offers many advantages. Mixing of the primary components, granulation 
and subsequent drying can be carried out in the same closed vessel. In addition, there is 
good heat and mass transfer between the fluidizing gas and the granular material. Due to 
rapid agitation, conditions are nearly isothermal throughout the bed. This makes accurate 
temperature control possible and is ideal for granulating thermally labile products. 
However, the complexity of the fluidized bed granulators means that it is a challenging 
process to control. 
The most critical aspect in the granulation process to control is the granule size (Faure et 
al. 2001), since this greatly affects tabletting characteristics and the subsequent drug 
dissolution characteristics (Fung et al. 2006). Several methods for monitoring mean granule 
size or granule size distribution have been developed for use in fluidized beds. Image 
analysis techniques (Laitinen et al. 2004, Watano and Miyanami 1995, Watano 2001, Laitinen 
et al. 2002) and optical methods (Frake et al. 1997, Rantanen et al. 2000A, Hu et al. 2008, 
Närvänen et al. 2008A) have been used for in-line and off-line granule size distribution 
analysis. One of the drawbacks of optical methods is that the window or the probe will most  
likely be contaminated by the agitated, wet powder, which complicates the collection of 
representative and accurate data. In contrast to optical methods, passive acoustic emission 
(AE) is a totally non-invasive method, which does not require any windows or orifices since 
the piezoelectric sensor can be attached to the outer surface of the granulator chamber. AE 
can be used for measuring mean particle size and particle size distribution (Leach  et al. 
1977, Leach and Rubin 1978, Leach et al. 1978), and recently an AE method has been used to 
characterize the mean granule size in high-shear wet granulator (Papp et al. 2008). 
However, only a few studies have used AE for granule size characterization in fluidized 
beds. Tsujimoto et al. (2000) fluidized different sized crystalline cellulose particles in 
agitated fluidized bed and concluded that the mean AE amplitude reflected the granule size 
only when other particle properties such as sharpness of particle size distribution, density 
and shape were almost identical between the different sized granule samples. In a similar 
fashion, Matero et al. (2009B) fluidized several different sized, multi-component granulates, 
and were able to differentiate the granules based on changes in the intensity levels in the AE 
spectra. However, in reality a pharmaceutical granule is porous, has an irregular shape, and 
its composition can vary depending on the size of the granule. Thus, the elastic properties of 
individual granules can be different, and therefore it is very difficult to establish a 
straightforward relationship between the acoustic signals and the granule size. 
5.1.1. Granulation rate processes 
Wet granulation is generally viewed as a combination of three rate processes i.e. (1) wetting 
and nucleation, (2) consolidation and (3) growth, attrition and breakage (Iveson et al. 
2001A). These rate processes cannot be separated strictly in a time-related manner, as they 
occur simultaneously in different parts of the fluidized bed. It is merely the likelihood for 
nucleus formation, coalescence or breakage which changes with time. A controlled 
transition between dominant rate processes is a prerequisite for a successful granulation. It 
is claimed that the wetting and nucleation phase, and thus the formed nuclei size 
distribution, has a huge impact on the size distribution of the final end product (Poon et al. 
2008). Therefore, if no unwanted changes occur in the ratio of the rate processes during the 
later stages of the process, the granulation outcome can be predicted from the system’s 
behavior in the beginning of the process. 
59 
 
In process control, it is important to first define and subsequently control the wetting and 
nucleation phase. However, the line between nucleus and granule is usually considered 
arbitrary. The demarcation between these particles is commonly based on some 
predetermined cut-off value of the agglomerate size, which is then used to distinguish 
nucleation from granule growth. Therefore, a better definition for nucleation was proposed 
by Hounslow et al. (2009). They defined nucleation as the time period during which ‘‘the 
frequency of particle–granule collisions is very much greater than the frequency of granule–
granule collisions.’’ The nucleation phase is fundamentally directed by wetting 
thermodynamics and kinetics, whereas granule–granule collisions during the steady growth 
phase are more dependent on the visco-elastic properties of the granules. In order to achieve 
a successful granule–granule coalescence in fluidized bed systems, the kinetic energy of the 
colliding granules must be dissipated in the viscous liquid layer on the granule surface 
Ennis et al. 1991, Iveson and Litster 1998A, Liu et al. 2000, Iveson et al. 2001B). The granule’s 
liquid layer thickness, liquid ratio and mass strongly affect the Young’s modulus of 
elasticity (Fu et al. 2004), which further influences the AE produced by particle impact 
(Boyd and Varley 2001). Since the granule’s properties differ notably between different 
process stages, we predicted that the AE would differ qualitatively, when the process 
shifted from one phase to the next. It is possible to identify the nucleation phase from the 
steady growth phase using the AE technique, as there are significantly more primary 
particle collisions. 
5.1.2. Granule growth regime map 
Iveson et al. (2001B) proposed a granule growth regime map, shown in Figure 5.1, in which 
the granule growth behavior is expressed as the granule pore saturation in comparison to 
granule deformation during impact. In general, the growth regime map is divided into two 
categories: the steady growth and induction growth. Steady growth is observed in systems 
with weak and deformable granules. These granules form a large area of contact during 
collision, into which the liquid binder is then squeezed. If the liquid bond is strong enough 
to resist shear forces, the granules will grow steadily. Induction growth is characterized by a 
period of no or little growth. Induction growth is observed in systems with strong granules, 
which do not deform completely during impact. Rapid growth takes place only after a 
sufficient induction time, during which granules have consolidated and the binder is 
squeezed to the surface. 
 
 
Figure 5.1. Granule growth regime map. Adapted from Iveson et al. 2001B.  
 
Fluidized beds are considered low deformation systems due to the gentle agitation forces. 
Consequently, at lower liquid contents, fluidized particles will only form nuclei which will 
not grow any further. When the liquid content has increased sufficiently, the system will 
shift from a nucleation-only regime to a steady growth regime. Further liquid addition 
above the maximum pore saturation will result in over-wetting of the mass and eventually 
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in bed collapse. During the nucleation phase, nuclei are formed from wetted fine powders, 
and there is a rapid growth rate (Ennis et al. 1991, Cryer 1999). When the coalescence 
depends more and more on the size of the colliding particles rather than just the availability 
of the liquid layer on the particle surface, the growth rate levels down and the process 
enters the steady growth phase. 
In this study, AE technique was used to predict the 25% quartile of cumulative granule 
size distribution off-line, where the AE signal is considered as a function of granule size 
distribution. Since the nuclei size distribution has been found to directly affect the end-
product size distribution, and because the elastic properties of the granules change between 
nucleation and steady growth regimes, the off-line analysis was based on the acoustic data 
collected during nucleation only. In addition, a similar analysis was performed on data 
collected during the steady growth phase, and on data comprising both the nucleation and 
steady growth phase AEs to further illustrate the importance of identifying the different 
growth regimes for process control. Furthermore, the hypothesis of acoustic detection of 
process phases was explored by identifying nucleation and steady growth regimes using 
AE. 
5.2 MATERIALS AND METHODS 
5.2.1. Materials 
The three-component powder mixture used in the granulation consisted of 60 w/w% of a 
common, hydrophobic pharmaceutical ingredient, 20 w/w% of a hydrophilic excipient in a 
monohydrate form, and 20 w/w% of a polymeric excipient. Batch sizes were 300 g of the 
powder mix. Binder liquid was 15 w/w% polyvinylpyrrolidone (Povidone K-30) in grade II 
Millipore water (Elix-5, Millipore, USA). Approximately 150 g of binder liquid was used.  
5.2.2. Granulation set-up  
Granulations of 26 batches were carried out in a bench-scale top-spray Aeromatic STREA-1 
granulator (Aeromatic-Fielder AG, Switzerland). A custom-made granulation chamber was 
used, equipped with inlet and outlet air relative humidities and temperature sensors (EE21 
temperature and relative humidity transmitter, EE Elektronik, Engerwitzdorf, Austria) and 
mass temperature sensor (customized T-type thermocouple, Amestec Oy, Helsinki, 
Finland). The fluidization gas flow rate was from the outlet air exhaust port with an 
anemometer (MiniAir 6, Schiltknecht Messtechnik AG, Gossau, Switzerland). The  
fluidization air flow rate was set to approximately 18m3/h at the beginning of the 
granulation process. As the granulations progressed, the flow rate was increased up to 
36m3/h in order to maintain proper fluidization. Data were monitored and recorded with a 
Grant datalogger (Squirrel SQ800, Grant Instruments Cambridge Ltd., Shepreth, UK). 
Liquid binder was conveyed by a STREA-1 peristaltic pump (Aeromatic-Fielder AG, 
Switzerland) at 5.0 ml/min rate through a 0.8mm nozzle at 0.6 bar pressure. In addition, 
several other granulations in triplicates were stopped at pre-set time points (at 150, 300, 450, 
600, 750, 900, 1050 and 1200 s, respectively). The end products of these granulations were 
oven-dried, sieved and further analyzed by using laser diffraction (Mastersizer 2000, 
Malvern Instruments Ltd., Worcestershire, UK). The data were used to calculate growth rate 
kinetics.  
5.2.3. Data and pre-processing 
5.2.3.1. The X matrix 
An AE transducer (Vallen-systeme VS-150M wideband with 150 kHz resonance peak) was 
used in this study. The transducer contact to the chamber wall was secured using silicon 
grease in the transducer–wall interface. AE signals were recorded with an ultrasound 
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instrument consisting of an amplifier (Vallen-systeme AEP4), preamplifier (Vallen-systeme 
AEP3 with an active bandpass filter) and 16 bit A/D- card (National Instruments, USB-
6251M with 1.25MS). The measurement software was developed with Matlab 7.3. (The 
Mathworks Inc., Natick, USA). A two second duration of AE signal within the frequency 
band of 50–625 kHz was recorded every 30th second during the process. Sampling rate was 
1.25 MHz. The recorded measurements were split into 50 consecutive streams and analyzed 
by fast Fourier transform algorithm (FFT) one by one. Finally, these 50 spectra gathered by 
FFT were averaged and subdivided as one 32 segment vector of AE frequency response of 
the measurement time point (Figure 5.2) (Matero et al. 2009B). This segmentation was 
necessary since AE spectra are otherwise very noisy and as shown in the earlier study the 
segmentation does not remove any critical information of the process (Matero et al. 2009B). 
The data set to be analyzed consisted of 26 granulated batches of which 10 were deliberately 
over-wetted which also contributed to an undesired granule size distribution (Matero et al. 
2009A). The batches were analyzed using Tucker3 and N-way partial least squares (N-PLS) 
methods. The 3-way X matrix consisted of batches of AE spectra measured in a function of 
process time, i.e. process time in the first mode, AE in the second and batch in the third, 
respectively. Prior to the analysis, the batch and AE mode were centered.  
5.2.3.2. The Y matrix 
The Y matrix consisted of 25% quartiles of cumulative granule size distribution. The basic 
idea behind this study was to treat AE spectra as a function of the granule size distribution 
(Figure 5.3). Since all of granule size information is incorporated into an AE signal, the size 
distribution that is linked to the AE signal needs to be treated as a unit. The quartile that 
describes the portion of the data up to the percentage of the quartile is used to characterize 
the granules size distribution. Quartiles are less susceptible to long tailed distributions and 
outliers and thus are more practical descriptive statistical terms than e.g. mean and mode. 
The 25% quartile of the cumulative distribution of granule sizes as a descending order of 
size portion (Figure 5.4A) was chosen since it provides information about the granule size 
distribution. Since a badly performed batch has a wider size distribution with a high 
amount of coarse particles, as well as fine ones (Matero et al. 2009A), the descriptive quartile 
should separate these batches from the well-performed counterpart. As an example of 
comparative analysis between different quartiles, the 65% quartile is illustrated in Figure 
5.4B. The vertical dash line in Figure 5.4A and B separates the well-performed batches with 
a narrow size distribution (the first 15 ones) from bad ones (the last 11 batches). The 25% 
quartile of the cumulative size distribution was the parameter to separate well the 
successful from unsuccessful batches thus carrying the information of size distribution and 
was therefore considered as an appropriate quartile to describe the size distribution for 
further analysis.  
 
 
 
Figure 5.2. The segmented AE signals by averaging the original signal.  
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Figure 5.3. The cumulative granule size distribution. The lateral solid line depicts the 25% 
quartile of the cumulative sum, that is, the intersection of 25% and the cumulative sum curve.  
 
Figure 5.4. (A) The 25% quartile and (B) the 65% quartile of the cumulative distribution of 
granule sizes as functions of batches. The vertical dash lines separate the well-performed 
batches (left-hand side) from the badly preformed ones (right-hand side), respectively. 
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5.2.4. Multi-way methods 
Tucker3 model was utilized for data exploration and N-PLS for regression. The external test 
set was used to evaluate model performance as well as residual diagnostic and root mean 
squared error of prediction (RMSEP). 
5.2.4.1. Tucker3 
Tucker3 method can be used for compression and data exploration of N-way array (Smilde 
et al. 2005). The mathematical notation of Tucker3 model is illustrated in Equation (5.1) 
 
ࢄ ൌ ࡭ࡳሺ࡯ȁٔȁ࡮ሻ் ൅ ࡱ      (5.1) 
where X is the original data array, G is a core array with dimensions of chemical ranks of 
modes, A, B and C are the loading matrices of the first, second and the third modes, 
respectively and E is the residual matrix. The core array encompasses the inherent 
interactions of different loadings and approximates the variation of X (Bro 1998).  
5.2.4.2. N-PLS 
N-PLS is an extension of the bilinear PLS algorithm to be applied for multi-way array (Bro 
1996, Bro 1998). The principles are similar to the PLS algorithm, such that N-PLS also uses 
dependent and independent variables for finding latent variables that describe their pair-
wise maximal covariance, and is a sequential algorithm thus the F-1 component model is a 
subset of the F component model. N-PLS decomposition starts by constructing a distinct 
PARAFAC-like model for the dependent response variables (Y) and for the independent 
descriptor variables (X) and maximising the covariance between these two matrices. The 
mathematical notation of the N-PLS calibration model can be written as 
  
ࢄ ൌ ࢀሺࢃࡷȁٔȁࢃ௃ሻ் ൅ࡱ࢞     (5.2) 
ࢅ ൌ ࢁሺࡽࡹȁٔȁࡽ௅ሻ் ൅ࡱࢅ      (5.3) 
ࢁ ൌ ࢀ࡮ ൅ ࡱࢁ      (5.4) 
 
where matrices T and U include score vectors of the original data, W and Q weight vectors, 
Ei residual terms and B regression coefficients. 
5.2.4.3. Calibration 
Batches (the X matrix) from well-performed runs were used in the analysis. The calibration 
data set included eight batches (batches 1–7 and 12) chosen randomly supplemented with 
one batch (no. 11) based on interpretation of a Tucker3 model and a test set of six batches 
(batches 8–10 and 13–15). The leverage-residual plot can be utilized when evaluating 
samples in the calibration set. The residuals describe the variation in the samples that is not 
explained by the model whereas leverage values indicate the impact of the individual 
samples for the model. In general, the low leverage value indicates that the sample is an 
average sample that contributes little to the model. A high leverage sample contains some 
specific variation which should be checked carefully. A high leverage value may be an 
indication of an outlier that behaves differently or the source of information that is 
important for the model [28]. The leverage-residual plot of the Tucker3 model for the X 
matrix (Figure 5.5) shows the most typical samples, i.e. batches in the lower left corner and 
two batches (no. 11 and 14) that have the greatest influence on the model. Since these two 
batches may represent a highly important variation for the regression model, one of the 
batches (no. 11) was included in the calibration set. During calibration, the modes of the X 
matrix were permutated resulting in batches in the first mode, AE segments in the second 
and process time in the third mode, respectively (Figure 5.6). The data analyses were carried 
out using PLS_toolbox version 4.0 (Eigenvector Research Inc. 2007). The overall treatment of 
data was performed using Matlab 7.0. 
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Figure 5.5. The Tucker3 model: the leverage-residual plot for calibration samples. 
 
 
 
 
Figure 5.6. The sketch of the 3-way X data cube and the response Y data matrix. 
5.3 RESULTS AND DISCUSSION 
5.3.1. N-PLS modeling 
N-PLS models for different periods of granulation were calibrated (Figures 5.7 and 5.8). 
Three-way arrays varied between (9 x 18 x 6) and (9 x 18 x 19) where the batch was the first 
mode, AE segments the second mode and time the third mode, respectively. AE segments 
are reduced from 32 to 18 since the most relevant information for the calibration model is 
presented in the first 20 segments. Only the predicted versus reference 25% quartile (f25%) 
values for test sets are illustrated in Figure 5.8. The 25% quartile was the best for the 
prediction of the granule size distribution of the end product. The subplot in the upper left 
corner shows predictions for test set where the calibration and test set are acquired from 
time period 60 to 300 s. The root mean squared errors of predictions (RMSEPs) for each 
model test set are presented in Figure 5.9. Comparing Figures 5.6 and 5.7 to Figure 5.8, one 
can see that the best result is achieved when calibrating the model for the time period 60–
450 s acquired every 30 s with R2X = 48.2% and R2Y = 97.8%. It is noted that both the 
calibration models and predictions of test set deteriorate rapidly after 450 s, indicating 
process changes. The hypothesis is that the first critical process phase in the fluidized bed 
granulation, i.e. nucleation, has just ended. Moreover, according to the recent study of Poon 
et al. (2008), the nuclei size distribution has a huge impact on the size distribution of the 
final product. In order to examine the reason for this behavior, an examination of different 
granulation batches was carried out.  
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Figure 5.7. The reference f25% values of calibaration samples versus the predicted ones 
attained from the N-PLS calibration model (left-hand side) and same for the test set (right-hand 
side). The calibration samples were aqcuired within time period 60–450 sec of the process. 
5.3.2. Granulation phases 
To test our hypothesis of nucleation phase, the granule growth regimes were identified by 
calculating a growth rate (r) constant (k) using first-order chemical reaction rate kinetics 
(Equation 5.5). 
 
 ൌ െ ୢሾ୅ሿ
ୢ୲
ൌ ሾሿ      (5.5) 
 
The concentration [A] was replaced by the granular samples’ volume moment mean 
diameter (D[4.3]) from laser diffractometer analysis. After integration, the first order rate 
law is expressed as 
 
ሾܣሿ ൌ ݇ݐ ൅ ሾܣሿ଴      (5.6) 
 
in which [A]0 is the D[4.3] value for the powdery starting material. Figure 10 depicts the plot 
of growth rate constant for D[4.3] against the granulation time. It can be seen from Figure 10 
that the growth rate decreases steeply within the first 450 s, after which it levels off to a 
steadier growth phase. Figure 5.11 demonstrates the percentages of fine particles (<0.150mm 
sieve) plotted against process time. The amount of small particles decreases rapidly for the 
first 300 s, and after a short plateau phase continues to decrease further after 450 s. The high 
growth rate and rapid consumption of small particles in the beginning of the process is 
evidence of the high frequency of successful particle–particle collisions; therefore this time 
period is considered to be the nucleation phase. After 450 s, most of the primary particles 
have coalesced into larger granules, and we assume this to be the end of the nucleation 
phase. A steady growth phase takes place after approximately 450 s from the beginning of 
the process, and continues until the termination of the process at about 1200 s. 
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Figure 5.8. The reference f25% values of test samples versus the predicted ones attained from 
the N-PLS calibration models. The calibration samples for models were aqcuired within varying 
time period for each model, 60–750 sec of the process.  
 
Figure 5.12 shows the measured process variables. The outlet air relative humidity 
reaches its maximum value of 87% at 600 s. This suggests that the pores are filled with 
liquid to the maximum pore saturation, and that the saturation rate and the evaporation rate 
of the binder liquid have reached equilibrium. The granule pore saturation level remains 
sufficiently high for steady growth, but there is no fear for over-wetting. Even though the 
liquid to solid ratio increases as more binder is being sprayed, the liquid is used to fill more 
of the newly formed intragranular pores as the granules grow larger, and the system 
remains in the capillary state. The assumption that the transition from nucleation to a steady 
growth phase occurs around 450 s is further supported by the fact that the transition from 
nucleation to steady growth phase is estimated to occur usually between 80 and 90% of 
granule pore saturation (Iveson et al. 2001B). Since the maximum pore saturation is reached 
around 600 s in the system described here, the nucleation-steady growth transition has 
happened earlier. 
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Figure 5.9. The root mean squared errors of predictions (RMSEPs) for each model test set. 
 
 
 
Figure 5.10. Granule growth rate constant vs. time 
 
 
 
Figure 5.11. The ratio of fine particles (<0.150mm sieve fraction) to granules vs. time.  
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Figure 5.12. Process variables vs. time: ■, outlet air relative humidity; ●, inlet air relative 
humidity;  - - ■- -, mass temperature; - - ♦ - -, inlet air temperature; - -▲- -, outlet air 
temperature. 
5.3.3. Summary 
The recent study of Poon et al. (2008) has demonstrated the importance to define and 
control nuclei size distribution since it has a huge impact on the size distribution of the final  
product. In summary, by utilizing the idea of AE spectra to be a function of present granule 
size distribution together with multi-way data analysis that enables the handling of the 
batch-to-batch variation (Matero et al. 2009A), we were able to predict the granule size 
distribution of the end product by examining the AE spectra acquired from the nucleation 
phase. In the further examination, the nucleation phase ends around 450 s for each batch. 
The most probable reason for the deterioration of model performance in the course of 
processing time is granule breakage as more and more particles are large enough to become 
prone to breakage and attrition. In the light of these results, the nucleation phase seems to 
represent the time of more homogeneous particle growth than the rest of the granulation 
process. 
It is noted that unfolded-PLS was also applied in calibration; however, the results (not 
shown here) were not satisfactory. The earlier study (Matero et al. 2009A) exposed the 
applicability of the multi-way methods in modeling batch data with varying outcome. 
Moreover, they fit nicely with the 3-way data acquired with AE as revealed by the present 
results. 
5.4 CONCLUSIONS 
Process control requires a thorough understanding of many phenomena. The use of multi-
way methods in the present work made it possible to obtain information providing a deeper 
understanding of the fluidized bed granulation process. The N-PLS model devised here 
enabled the granule size distribution of the end product to be determined during the early 
stages of the process. The end product granule size distribution correlated to the granule 
size distribution of nucleation phase and AE data acquired from this phase. 
Multi-way methods have proved their versatility for handling batch-to-batch variation 
(that also causes AE signals to be varied between different process runs) since they can cope 
with the characteristic 3-way structure of the batch process data. Our study confirms that 
AE data acquired from the end phase of nucleation can be utilized to predict the final end 
product granule size distribution. This novel method could be utilized as a PAT tool in the 
pharmaceutical industry, e.g. for providing information about the granule size distribution 
of the end product in the early phase of the granulation process. 
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6 Evolution of Granule Structure and Drug Content 
During Fluidized Bed Granulation by X-Ray 
Microtomography and Confocal Raman  
Spectroscopy3 
 
ABSTRACT 
The distribution of the drug in the granular end product is a critical quality attribute in 
fluidized bed spray granulation of pharmaceuticals. The evolution of drug content 
inhomogeneity in a case study was examined as a function of granulation time. 
Intragranular structure was also investigated using confocal Raman spectroscopy and 
computerized X-ray microtomography. A principal component analysis was conducted on 
the results to investigate granule structure–drug content relationships. Inhomogeneity 
increased at the beginning of the process but later it was found to decrease. Changes in the 
homogeneity were accompanied by significant changes in the intragranular structure. It was 
concluded that segregation of the primary components explained the observed 
inhomogeneity at low saturation levels when the granules grow by layering, but at elevated 
moisture levels, granule growth is mediated by the coalescence of agglomerates, which 
promotes homogeneous distribution of the drug particles. 
  
                                                 
3 Adapted with permission of Wiley from: Poutiainen S, Pajander J, Savolainen A, Ketolainen J, Järvinen K. 
Evolution of granule structure and drug content during fluidized bed granulation by X-ray microtomography and 
confocal Raman spectroscopy. J. Pharm. Sci. 100: 5254-5269, 2011.  
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6.1 INTRODUCTION 
Fluidized bed spray granulation (FBSG) is a common size enlargement process in 
pharmaceutical manufacturing, in which a fine powdery starting material is agglomerated 
into larger granules using a liquid binder. The main characteristic of the granulation process 
is the granule size distribution. The granule size directly contributes to the flowability and 
granule strength, thus affecting tableting behavior and ultimately tablet quality (Faure et al. 
2001). In addition, the residual moisture content of the granule must be considered as wet 
granules have poorer flow properties. Furthermore, moisture can have a significant 
influence on the stability of the active pharmaceutical ingredient. Indeed, it is evident from 
the literature regarding the development of process analytical technological applications 
and novel monitoring methods for FBSG process that the granule size distribution and the 
granule moisture content are usually regarded as the most significant critical quality 
attributes (Whitaker et al. 2000, Watano 2001, Laitinen et al. 2002, Laitinen et al. 2004,  
Findlay et al. 2005, Rantanen et al. 2005, Briens et al. 2007, Hu et al. 2008, Närvänen et al. 
2008A, Matero et al. 2009B). However, the drug content homogeneity in the granules may 
often be disregarded, whereas intuitively it should be considered as one of the most 
important factors affecting end-product quality.  
It is well known that the granules’ drug content is not homogenous in different sieve 
classes of the dried end product (Ojile et al. 1982, Vromans et al. 1999, Scott et al. 2000). In 
addition, the amount of liquid binder is not uniform  (Kokubo and Sunada 1997, Reynolds 
et al. 2004, Nieuwmeyer et al. 2007). Because of these inhomogeneity phenomena, if 
segregation occurs before tablet compaction, this can have significant effects on the tablets’ 
content uniformity, especially if the drug content is very low. The inhomogeneity has been 
considered to be caused mainly by (1) differences in primary particles’ size and (2) wet 
granule strength resisting granule breakage (van den Dries and Vromans 2002, van den 
Dries and Vromans 2003, van den Dries et al. 2003). The primary particle size can be 
adjusted by the operator, but the wet granule strength is a function of the granule porosity, 
which indirectly depends on the agitation intensity (Iveson et al. 2001B, Reynolds et al. 2005, 
Chevalier et al. 2009). In a system where agitation intensity impact forces are low, such as in 
fluidized beds, granules are more porous and friable, whereas in high shear environment, 
granules become more dense. 
Most studies on drug content homogeneity in wet granulation have been conducted on 
high-shear wet granulators, during which the drug particles accumulate on the larger 
granules. However, the opposite seems to be the case in low-shear FBSG environment 
(Crooks and Schade 1978, Kristensen and Hansen 2006). In addition, in the previous works, 
the amount of drug has been significantly lower than the amount of excipients. There have 
been no studies regarding inhomogeneity phenomenon where the drug particles have been 
in excess. In this paper, a process time-dependent inhomogeneity during FBSG is shown, 
with an investigation on the drug distribution within the granules. In addition, a structural 
analysis was also conducted on the granules to find a possible mechanistical explanation for 
the observed inhomogeneity phenomenon.  
6.1.1. Granule growth in fluidized beds 
Wet granulation is generally viewed as a combination of three rate processes. These are 
wetting and nucleation, consolidation and growth, and attrition and breakage (Iveson et al. 
2001A). These rate processes cannot be differentiated strictly in a time-related fashion, as 
they take place simultaneously in different parts of the fluidized bed. It is merely the 
likelihood for nucleus formation, coalescence, or breakage, which changes with the process 
time. The nuclei formation is launched by distributing the liquid binder on the surface of 
primary particles. The binder spreads and forms a liquid layer over the particles. The whole 
void volume of the newly formed nuclei is also filled with binder liquid (Schaafsma et al. 
1998). A subsequent collision with a free particle forms a liquid bridge between the nuclei 
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and the particle, if the surface liquid layer can absorb the impact energy of the coalescing 
particle. After successful coalescence, the liquid spreads over the surface of the newly 
attached particle as long as the contact angle is low enough. The formation of the liquid 
layer on the attached particle drains liquid from the intragranular void. Liquid flow to the 
granule surface is induced by capillary pressure difference between the saturated pores 
inside the granule and the low saturation on the granule surface. This drainage of the liquid 
is thought to be growth rate-limiting step. The granule grows by attachment of layers of 
particles until wetting saturation is reached, that is, when there is insufficient binder liquid 
on the granule surface to bind new particles.  
However, the circulation of agglomerates and granules to the bed surface for rewetting 
affects the probability for successful coalescence between colliding particles (Schaafsma et 
al. 2000). The merging of pre-existing granules is promoted by rewetting of surface dried 
granules, which means that granules can grow either by layering of particles or by 
successful granule–granule collisions. The prevalence of small particles also promotes the 
formation of larger granules, as the small particles fit into gaps between coarser particles 
acting as a bridge for the wetting phase.  
Depending on whether the colliding objects are particles or larger granules, successful 
coalescence depends on the dissipation of the kinetic energy when the objects come into 
mutual contact. As the agitation forces are low in fluidized beds, very little deformation 
occurs in the particle core during a collision. Therefore, coalescence depends primarily on 
the viscous dissipation of the kinetic energy in the liquid layer. If the liquid layer cannot 
dissipate the energy, the collision will result in a rebound. A prerequisite for this model is 
that the viscous forces dominate over capillary forces in the dynamic environment inside a 
granulator (Ennis et al. 1991, Liu and Litster 2000). The viscous dissipation is described by a 
viscous Stokes’ number Stv in Eq. 6.1 : 
 
ܵݐ௩ ൌ
ଶ௠௨బ
ଷగఓ௔మ
      (6.1) 
 
where m is particle or granule mass, u0 is the granule initial collision velocity, μ is binder 
viscosity, and a is granule radius. If the viscous Stokes’ number of the colliding particles is 
less than a certain critical Stokes’ number ୴כ  then the coalescence of the particles will be 
successful. Critical Stokes’ number (Eq. 6.2) is expressed as 
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where e is the coefficient of restitution, h is liquid layer thickness, and ha is the characteristic 
height of the surface asperities. 
Granulation is said to be in a noninertial regime, when the viscous Stokes’ number is well 
below the critical Stokes’ number Stv << ୴כ . In this regime, all collisions are considered as 
being successful, and will lead to coalescence. As the granulation proceeds, granules will 
grow in size and eventually the viscous Stokes’ number will equal the critical Stokes’ 
number Stv ≈ ୴כ .  In this inertial regime, only collisions between two small granules or 
between one small and one large granule lead to coalescence. Finally, the granulation enters 
the coating regime, where Stv >> ୴כ  and all collisions between granules are unsuccessful. 
However, layering of primary, or abraded, particles onto the surface of large granules is not 
affected. It should be noted that the values for Stv and ୴כ  are only transient at any given 
time, as granule properties will change during the granulation process. In addition, 
depending on the saturation level, the granule’s current velocity, and other parameters, 
granule collisions can also be plastic to some extent, and thus the kinetic energy can be 
dissipated by plastic deformation of the granule surface instead of viscous dissipation in the 
liquid layer. Although the model of Ennis et al. (1991) is significant in that it provides a 
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theoretical background for viscous dissipation in low-deformable systems, the Stokes’ 
numbers Stv and ୴כ cannot be used to explain the growth behavior or predict the growth 
rate as such. Instead, it is valuable in estimating the size of the agglomerates and granules, 
which can coalesce. As Stv is inversely proportional to granule size and ୴כ  is proportional to 
liquid layer thickness (i.e., saturation level/moisture content), assumptions on the regime 
onsets can be made based on these two parameters only, if binder viscosity, coefficient of 
restitution, and height of surface asperities are presumed to be constant within each granule 
size fraction at each time point. 
6.1.2. Primary particle size as the cause for the inhomogeneity phenomenon 
It has been shown that in high-shear wet granulation, larger granules consist mostly of 
small primary particles, whereas smaller granules are made up from larger primary 
particles and with some small clusters of fines (Scott et al. 2000). As the active drug has 
usually a smaller particle size than the excipients, the drug accumulates into the larger 
granules. This particle size difference leads to inhomogeneity due to a preferential growth 
mechanism (van den Dries and Vromans 2002, van den Dries and Vromans 2003). 
According to the preferential growth theory, the surface asperities on the granule may 
hinder adherence of larger particles onto the granule surface, even though the granule 
surface is wetted. On the contrary, smaller particles penetrate into the surface pores more 
easily, and a liquid bridge between the adhering small particle and the granule surface can 
be formed. Therefore, the granule surface can be considered as a “surface dry” for large 
particles and “surface wet” for small particles. This promotes the preferential growth of 
smaller particles by layering, and the broader the size difference between the primary 
particles, the more prone the process is to preferential growth. It should be also noted that 
the preferential growth also depends on the concentration of the smaller particles. Smaller 
particles must be readily available at the granules wet surface in order for the layering to 
occur. 
Particle size can affect homogeneity also due to adhesion effects. In two- or three-
component mixtures, particles under 100 μm in diameter readily adhere onto the surface of 
the larger particle, providing that the adhesion forces are stronger than gravitational forces 
and cohesional forces between like particles (Saharan et al. 20008). Adhesion of small 
particles to carrier particles is considered as an ordered mixture (Hersey 1975). The 
formation of ordered mixtures requires deagglomeration of cohesive fines first, and then 
sufficiently long mixing time together with the carrier particles. The redistribution and 
exchange of small particles between the carriers during the mixing are required before a 
homogenous distribution of the fines is finally obtained. For the real-ordered unit 
formation, the amount of carrier particles should also be much greater than smaller 
particles, otherwise a portion of the smaller component will remain unbound. The benefit of 
ordered mixtures is that the ordered units are not subject to inhomogeneity caused by 
segregation. Therefore, an ordered mixture would be advantageous in FBSG because 
fluidized beds are known to have serious particle size-dependent segregation (Kim and 
Choi 2001, Wormsbecker et al. 2005, Xu and Zhu 2005). In addition, it has been reported that 
the agitation intensity in fluidized beds is not usually strong enough to break the adhesion 
forces in the ordered units (Yip and Hersey 1977). Fixing the ordered units permanently in a 
random pattern by spray granulation has been reported to promote drug content 
homogeneity in the final granulate (Thiels and Nguyen 1982). 
6.1.3. Wet granule strength as the cause for inhomogeneity phenomenon 
The inhomogeneity caused by preferential growth requires that the granules remain intact 
during the granulation process. Strong granules are able to resist agitation forces and grow 
by layering the small particles. In the case of weak granules, continuous breakage allows a 
fresh exchange of components, thus improving the even distribution of the drug particles 
van den Dries et al. 2003). The granule breakage by fragmentation is determined mainly by 
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the impact forces and binder viscosity (Raynolds et al. 2005, Iveson et al. 1998A, Keningley 
et al. 1997). High-impact forces and low-viscous binder are the prerequisites for obtaining a 
homogenous granulate. With high-viscosity binders, the viscous forces can resist any 
dilatation in the granule structure, thus preventing breakage. Frictional forces and capillary 
forces instead are an order of magnitude lower than viscous forces in dynamic process 
conditions, and their contribution to granule breakage is therefore not considered 
significant. The granule strength can also change during the process due to consolidation 
(Schæfer 2001, Fu et al. 2004). 
However, in a fluidized bed, granules predominantly break by attrition only, that is, 
erosion of small particles from the granule surface (Shamlou et al. 1990, Weber et al. 2006). 
The lowenergy impacts, which are due to fluidization do not cause any significant 
fragmentation or splitting, even though in general the granules produced in fluidized beds 
are more porous and friable. Nevertheless, granule fragmentation in fluidized bed has been 
observed at low-moisture levels, as the granule strength also depends on the granule 
saturation level (Nieuwmeyer et al. 2007). Smaller granules contain relatively less moisture 
than larger granules, which not only prevents their growth but also makes the granules 
more susceptible to both attrition and breakage (Nieuwmeyer et al. 2008). According to 
Crooks and Schade (1978) the “ball milling” action by larger granules breaks down small 
drug–particle agglomerates, thus facilitating preferential growth of the drug particles on the 
surface of the larger granules.  
6.2 MATERIALS AND METHODS 
6.2.1. Materials and granulation setup 
A three-component powder mixture was used in the granulation. It consisted of 60% (w/w) 
of ibuprofen (European Pharmacopoeia grade, Orion Pharma, Espoo, Finland), 20% (w/w) 
of a lactose monohydrate (Orion Pharma), and 20% (w/w) of microcrystalline cellulose 
(MCC; Emcocel, Penwest Pharmaceuticals, Patterson, New York, USA). The batch size was 
300 g of the powder mix. For each batch, 150 g of the binder liquid was sprayed at a 
spraying rate of 7.5 mL/ min with an atomizing air pressure of 0.6 bars. The binder liquid 
consisted of 15% (w/w) polyvinylpyrrolidone (Povidone K-30) in grade II Millipore water 
(Elix-5, Millipore, Billerica, Massachusetts, USA). A top-spray nozzle was used at a height of 
26 cm from the distributor plate. The granulations were carried out in a small-scale 
Aeromatic STREA-1 (Aeromatic- Fielder AG, Switzerland) fluidized bed processor with a 
custom-made tapered granulation chamber with a superficial gas velocity of 18m3/h. The 
granulation setup has been described by Matero et al. (2009B) in more detail. The 
granulations were stopped at preset time points (at 150, 300, 450, 600, 750, 900, 1050, and 
1200 s, respectively). The granular mass was oven dried, and dry granules were sieved in 
eight sieve fractions for sampling. The sieve cuts were <88 μm, 88–149 μm, 149–210 μm, 
210–297 μm, 297–420 μm, 420–710 μm, 710–1680 μm, and >1680 μm. In addition, granule 
size distribution was analyzed with a laser diffractometer (Mastersizer 2000, Malvern 
Instruments Ltd., Worcestershire, England, UK). The particle size distribution of the 
powdery starting material and the primary particles was also measured in a similar fashion. 
The three-component powder mixture used in the granulation consisted of 60 w/w% of a 
common, hydrophobic pharmaceutical ingredient, 20 w/w% of a hydrophilic excipient in a 
monohydrate form, and 20 w/w% of a polymeric excipient. Batch sizes were 300 g of the 
powder mix. Binder liquid was 15 w/w% polyvinylpyrrolidone (Povidone K-30) in grade II 
Millipore water (Elix-5, Millipore, USA). Approximately 150 g of binder liquid was used.  
6.2.2. Drug content determination 
The ibuprofen concentration of the granule samples was determined by ultraviolet (UV) 
spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) at 265 nm. At that 
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wavelength, the other excipients did not display any UV light absorption, but the ibuprofen 
exhibited a very characteristic absorbance peak. 
6.2.3. Granule morphology characterization by computerized X-ray microtomography 
Granular samples were imaged with a Skyscan 1072 X-ray microtomograph (SkyScan N.V, 
Aartselaar, Belgium). Individual granules were attached to the sample holder using two-
sided tape, and scanned using 40 kV voltage and 133 μA current without filtering of the X-
ray beam. The voxel size of the images was 3.81 μm. Cross-sectional images were obtained 
using NRecon software (version 1.5.1.4.). Using the CT Analyser software, (SkyScan, version 
1.9.1.0.), morphometric parameters were determined from the three-dimensional data sets. 
A total of 26 variables (var.) were used. The variables are listed in Appendix 6.1.  
6.2.4. Principal component analysis  
A principal component analysis (PCA) was performed on the X-ray tomography datamatrix 
together with data from the UV spectrophotometer analysis to determine which 
morphological variables explain process time-dependent variations in the drug distribution 
and granules structure during the granulation process. PCA was undertaken using LatentiX 
data analytical software version 2.00 (Latent5, Copenhagen, Denmark). The data were 
autoscaled and mean-centered prior the analysis. Two samples (sample ID #12 and #31) 
were identified as outliers on the basis of Hotelling T2 and residual variance and were 
removed.  
6.2.5. Qualitative intragranular drug distribution by confocal Raman spectroscopy  
The Raman spectroscopy measurements were performed with a Senterra 200LX Raman 
spectrometer (Bruker Optics GmbH, Ettlingen, Germany) combined with a high-quality 
confocal microscope (Olympus BX61) and a motorized sample stage. This setup enables 
Raman mapping and confocal depth profiling. A 785nm laser excitation was used at 
100mW. Each spectrum was collected using a 20 s integration time. The spectra resolution 
was 9–15 cm−1 in the spectral range of 200–1800 cm−1. The laser spot diameter was 10 μm, 
and the size of the aperture 50 μm. A pretreatment of the spectra was applied using Opus 
software (version 6.5, Bruker Optics), which comprised baseline correction, smoothing, and 
cosmic peak removal.  
Area mapping was performed on each granule sample by focusing the laser at a 
predetermined height approximately at the center of the granule. The height  for each 
granule was evaluated visually in the microscope. Measurement points were placed on a 
virtual X–Y grid. On the Y-axis, six measurement points were used. On the X-axis, 
measurement points were determined according to the diameter of the sample granule (see 
Fig. 6.1 for illustration). The measurement points were 30 μm apart in both X–Y directions. 
A second derivative was taken on the spectra. Peak integrations were conducted on 
ibuprofen at 843.82–827.89 cm−1 (Fig. 6.2a), lactose monohydrate at 368.92–349.80 cm−1 (Fig. 
6.2b), and MCC at 520.32–505.98 (Fig. 6.2c), 434.26–419.92 (Fig. 6.2d), and 1376.10–1363.35 
cm−1 (Fig. 6.2e). The surface area of the peak integrals’ were converted into colored maps. 
Because of the limitations in the software, the surface areas of the peak integrals could not 
be scaled, thus only a qualitative analysis between the samples was possible.  
6.2.6. Scanning electron microscopy 
Powder samples were characterized by high vacuum scanning electron microscope 
(FEI/Philips XL30 ESEM). The powders were sprinkled over an aluminum sample holder, 
and coated with approximately 40–60 nm of gold. The photographs were taken on the 
microscope at an accelerating voltage of 15 kV. 
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6.2.7. True density measurement 
The true density of the primary particles was measured using a helium pycnometer 
(Quantachrome multipycnometer MVP-1, Boynton Beach, Florida). 
 
 
 
Figure 6.1. Illustration of confocal Raman spectroscopy measurement setup for examining a 
granular sample. Dashed lines represent the laser focused at the center of the sample along the 
Z axis. Measurement points are placed on the virtual X–Y grid. 
 
 
 
 
Figure 6.2. Raman spectra of the raw powder components. Peak integrations were conducted on 
ibuprofen at 843.82–827.89cm−1 (a), lactose monohydrate at 368.92–349.80 cm−1 (b) and 
microcrystalline cellulose at 520.32–505.98cm−1 (c), 434.26–419.92 cm−1 (d), and 
1376.10–1363.35cm−1 (e). 
6.2.8. Segregation experiments 
Segregation of the particles was determined using the “flypaper” method. A 300 g of the 
powder mixture with a static bed height of 7 cm was fluidized without binder addition. The 
superficial gas velocity was set at the same rate as during the granulations (׽18m3/h). After 
60 s of fluidization, a long strip of double-sided tape attached to a thin plastic rod was 
inserted into the bed from the top, and quickly pressed down onto the bottom screen. After 
15 s, the fluidization was turned off, and the strip was removed from the fluidization 
chamber. The particles were carefully scraped off the strip with a scalpel, and divided into 
eight fractions according to the height of the fluidization level. The fractions’ ibuprofen 
concentration was determined with the UV spectrophotometer. The flypaper method was 
repeated twice and the average result was used. In addition, granules from 420 to 710 μm, 
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710 to 1680 μm, and >1680 μm sieve cuts were fluidized separately. The fluidization batch 
size was set separately for each size class of granules so that the static bed height was 7 cm. 
A strip of the double-sided tape attached to a rod was used in the fashion described above 
to determine the height of the fluidization level for each granule size class. After 
fluidization, the tape strips were digitally imaged for determination of the circulation 
height. 
6.3 RESULTS AND DISCUSSION 
6.3.1. Drug distribution 
Figure 6.3 shows drug mass fraction in granules from the sieve cuts of 420–710 μm, 710–
1680 μm, and >1680 μm as a function of process time, as well as the drug concentration of 
the fines. The fines are defined here as granules and agglomerates retained in the sieve cuts 
below 420 μm. In the beginning of the process (at 150 s), the drug concentration is lowest in 
the >1680 μm (large) granules, whereas the 420–710 μm (small) granules contain the highest 
amounts of ibuprofen. However, during the process, the drug concentration gradually 
increases in the large granules. On the contrary, the small granules contain less and less 
ibuprofen as the process evolves. Granules in the 710–1680 μm sieve cut (medium size) 
show only very little variation in the drug concentration during the process. It is unlikely 
that the large and small granules are undergoing any structural changes during the process. 
As granules do not break by fragmentation or splitting in FBSG, there is no exchange of 
components between the granules. The more likely explanation for this inhomogeneous 
distribution of the drug is that the formation mechanism favors different primary particles 
at different stages (or saturation levels) of the process. 
Another way to examine the drug distribution within the different size granules is to 
calculate a demixing potential (DP) for each time point. The DP is an index, which estimates 
the distribution of one component (drug) of a powder mixture between different sieve cuts 
(Thiel and Nguyen 1982). The larger the value of DP, the more uneven is the distribution of 
the component. The DP is calculated using Eq. 6.3:  
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where p is the concentration of the drug, w is the weight percent of the particular sieve 
fraction, and pavg is the average drug concentration. The DP% values are shown in Figure 
6.4. The beginning of the process is characterized with a low DP% value. Even though the 
drug content varies greatly between the different-sized granules, granules larger than 420 
μm in diameter constitute only approximately 5% (Fig. 6.5) of all the granular material in 
the bed, and on average the bed can be described as homogeneous. However, the DP% 
increases until midway through the process, after which it experiences an abrupt decline. 
The DP% remains low to the end of the process. This indicates that initially the drug content 
in the granules is rather inhomogenous, but after 600 s there is a rapid shift toward a more 
homogenous granulates. This shift is likely caused by a rapid increase in the numbers of 
medium sized and large granules (Fig. 6.5). At 600 s, the saturation level is high enough to 
promote the formation of 710< μm granules, which smoothes out the granule size 
distribution, affecting the relative distribution of ibuprofen between different sieve cuts, 
thus lowering the DP% value. In addition, as the drug concentrations of small, medium size, 
and large granules are very close to each other at 750 s, this suggest that there is a high 
degree of homogeneity (Fig. 6.4). The sudden increase in homogeneity is evidence for a 
change in the granule growth mechanism at 750 s, which promotes an even distribution of 
the small, hydrophobic ibuprofen particles. 
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Figure 6.3. Ibuprofen concentration (mass fraction) of selected sieve cuts as a function of 
process time. –♦– fines (<420 μm) –■– 420–710 μm –▲– 710–1680 μm ···•··· > 1680 μm. 
 
 
Figure 6.4. DP% value as a function of process time. 
 
 
Figure 6.5. Granule size distribution as a function of process time. –■– 420–710 μm –▲– 710–
1680 μm ···•··· > 1680 μm. 
 
6.3.2. PCA on granule morphology 
Granules of 420–710 μm, 710–1680 μm, and > 1680 μm sieve cuts from 150, 300, 600, and 900 
s time points were chosen to be analyzed further by computerized X-ray microtomography. 
These time points were chosen to cover the beginning of the process as well as both sides of 
the DP% value drop at 750 s. Individual granules less than 420 μm in diameter were too 
difficult to handle. In addition, these smaller granules consist of several dozens of primary 
particles, and most probably do not show any evidence of systematic changes in 
intragranular structure or drug distribution due to their small size. According to Hemati et 
al. (2003) granules larger than 350 μm in diameter also grow by layering. As preferential 
growth is essentially layering of small particles, these granules are more significant in the 
study of preferential growth as a cause for inhomogeneity in FBSG. 
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The first two principal components explain 78% of the total variation in the data. 
Although the variation explained might be considered low, it should be borne in mind that 
variation is to be expected between individual granules due to the complexity and  
somewhat unpredictable nature of the process. The clustering of the data is shown in the 
score plot (Fig. 6.6). The small and large granules are clearly clustered according to their size 
and granulation time also. The granules from 150 to 300 s time points are clustered together, 
whereas granules from 600 to 900 s time points are together. Apparently, some changes in 
the granule formation which affect the structures occur between 300 and 600 s. The 
medium-sized granules are more dispersed in both PC1 and PC2, although they are 
distinctively separate from the other granule size classes. The clustering according to size is 
influenced more by variables, which have high loadings in PC1, whereas the process time-
dependent clustering is influenced by variables with high loadings in PC2. 
The loading plot is shown in Figure 6.7. First, the  loading of the ibuprofen concentration 
is low in both PC1 and PC2. Apparently, the ibuprofen concentration (var. #1) does not 
contribute significantly to the main pattern of variation observed between the samples. 
Instead, the variation between the samples is best explained by the intersection surface (var. 
#7), the volume of interest (VOI) surface (var. #5), the object volume (var. #3), the VOI 
volume (var. #2), object surface (var. #6), the object surface–number of objects ratio (var. 
#25), and the object volume–number of objects ratio (var. #26) in PC1, and by the open and 
total porosities (var. #20 and var. #22, respectively) and the object surface–object volume 
ratio (var. #8) and intersection surface–VOI surface ratio (var. #24) in PC2. (Several other 
variables have also high loadings, but they are derivatives of the variables mentioned above 
and therefore are not discussed in any greater detail. For example, var. #4 is percent object 
volume, which is an inverse of the open porosity.) As the variables #3, #5, #, and #7 are 
descriptors of granule size only, their contribution to intragranular structure is not 
examined any further. It is noteworthy that the samples differ more due to variables related 
to internal structure than due to different concentrations of ibuprofen particles. As the 
granule structure depends on the growth mechanism, it can be concluded (within the 
explained variation) that variations in drug content are by-products of the process time-
dependent changes in granule structure (i.e., growth mechanism).  
 
 
 
Figure 6.6. PCA score plot. □ 420–710 μm, o 710–1680 μm, Δ 1680–2380 μm, 1–3 at 150 s, 4–6 
at 300 s, 7–9 at 600 s, 10–11 at 900 s, 13–15 at 150 s, 16–18 at 300 s, 19–21 at 600 s, 
22–24 at 900 s, 25–27 at 150 s, 28–30 at 300 s, 31–33 at 600 s, 34–36 at 900 s. 
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Figure 6.7. PCA loading plot. 
 
Some of the more interesting variables were inspected in more detail. First, the X-ray 
cross-sectional images were examined visually. Figure 6.8 shows some typical examples of 
X-ray cross-sectional images of granules from 420 to 710 μm, 710 to 1680 μm, and >1680 μm 
sieve cuts. The cross-sectional images indicate that the small granules are rather densely 
packed throughout the whole process. The medium-sized granules display a similar 
internal structure for the first 150 s. However, after 300 s, large ntragranular cavities begin 
to form. Similarly, the internal structure of large granules is evidence of the dense packing 
for the first half of the process, after which large intragranular cavities are observed. The 
interpretation of the cross-sectional images is supported by structure separation value (var. 
#11), which is a morphometric parameter describing the diameter of the largest (virtual) 
sphere entirely enclosed in the pore space within the VOI, that is, the structure separation 
value describes the average size of the pores.  
 
 
Figure 6.8. Cross-sectional images of granules. (a) 420–710 μm sieve cut, (b) 710–1680 μm 
sieve cut, (c) >1680 μm sieve cut. The images of >710 granules have been scaled down. Large 
intragranular cavities can be seen for 710–1680 μm from 300 s on, and for >1680 μm granules 
from 600 s on. 
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Although the structure separation does not have a very high loading value, it seems to 
describe the >1680 μm granules and their dissimilarity with 420–710 μm granules. The 
structure separation values are shown in Table 6.1. As can be seen, the structure separation 
value begins to increase for medium-sized granules at 300 s and for large granules at 600 s. 
Although the structure separation is not one of the most significant variable according to the 
PCA, the increase in the average pore size is consistent with the visually observed formation 
of the cavities. However, for small granules, the average pore size remains the same. The 
appearance of the intragranular cavities does not necessarily mean that the densely packed 
granules formed early in the process have disappeared from the system. Even though 
breakage by fragmentation could occur at low saturation levels, it is likely that these 
granules exist, but because of the changes in the mass fractions with process time (see Fig. 
6.5), the probability for randomly selecting these early granules for the analysis decreases 
significantly with time. 
Despite the formation of the intragranular cavities, the total porosity of the granules (var. 
#22) (Table 6.1) decreases only slightly in the small- and mediumsized medium sized 
granules during the granulation process. The porosity of the large granules decreases at the 
beginning of the process also, but after 600 s the porosity begins to increase again. 
Surprisingly, the granules contained no closed pores. All the pores were connected to the 
granule surface, which suggests that here is rather loose packing of the coalescing particles. 
This finding is in accordance with the known low agitation forces in fluidized beds, which 
do not promote granule consolidation. Nevertheless, although the total porosity of the 
granule does not greatly change, the formation of the intragranular cavities suggests that as 
the granule core becomes more porous, the surface of the granule must become more 
densely packed.  
This is further supported by the intersection surface–VOI surface ratio (var. #24) (Table 
6.1). The intersection surface is the surface area of the granule, which is intersected by a 
solid object, and VOI surface is the surface area of the granule. The ratio is the fraction of the 
surface area occupied by particles. From Table 6.1, one can see that the intersection surface–
VOI surface ratio increases steadily for each granule size class with the granulation time. An 
increase in the ratio indicates that surface asperities and pores are being filled with fine 
particles, and that the granule surface is becoming increasingly more densely packed. An 
increase in the surface particle density is caused by layering of small particles, that is, 
preferential growth.  
The object surface–object volume ratio (var. #8) describes the complexity of structures 
(Table 6.1). Irregular and loose packing of primary particles cause high solid object surface 
area–solid volume ratio, whereas the dense packing of particles held closely together by 
solid bridges leads to a much lower surface area–volume ratio. All granules display high 
complexity in their structure at the beginning of the process, which then gradually 
decreases. However, the large granules show an increase in complexity at 900 s. At the same 
time, there is also a decrease in the object volume–number of objects ratio (var. #26) (Table 
6.1) for these granules. This ratio represents the average volume of solid objects within the 
granule. For the small and medium-sized granules, this ratio increases during the process 
being consistent with the decreasing ibuprofen concentration in small granules. However, 
for the medium-sized granules, the ibuprofen concentration remained at a constant level. 
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However, the object volume–number of objects ratio cannot be said to describe the 
primary particle composition of the granule in a straightforward manner because particles 
held closely together by solid bridges can be regarded as one solid object. In this sense, a 
steady increase in the ratio would be expected as the solidification of liquid bridges during 
the process binds more particles closely together. This also explains the high variance 
observed in this variable. The deviating behavior of large granules at the later stage of the 
process can be accounted for by preferential growth of small (drug) particles. As the surface 
of the large granules becomes layered with small particles, the average size of a solid 
particle within the granule decreases, whereas the opposite is true for the solid surface area 
to volume ratio. 
6.3.3. Intragranular drug distribution  
Figure 6.9 shows the intragranular distribution of ibuprofen in 420–710 μm, 710–1680 μm, 
and >1680 μm granules at the 150, 300, 600, and 900 s time points. Likewise, the distribution 
maps for lactose monohydrate distribution are shown in Figure 6.10. The integrations of the 
three MCC peaks gave rise to contradicting results, and were thus abandoned. Peak shifts 
can possibly occur if cellulose particles are interacting with other substances within the 
granule. Any intermolecular vibrations might have disturbing effects also on the spectra.  
There is an even intragranular drug distribution in small- and medium-sized granules. 
Ibuprofen particles are randomly spread throughout the granules, and there are no process 
time-related changes in the distribution of the drug nor any evidence of cluster formation. 
As these granules grow, they accumulate both drug and excipient particles steadily in a 
nonsystematic manner. However, the large granules show a clear time-dependent 
distribution of the ibuprofen particles. At 150 s, the drug particles are distributed randomly 
in the large granules. Thereafter, the ibuprofen particles become more concentrated near the 
granule surface, whereas the cores contain less drug. The drug concentration for large 
granules was 0.43 at 150 s, from where it increased to 0.63 at 900 s. Apparently, the increase 
in the drug concentration is caused by layering, that is, preferential growth of free ibuprofen 
particles. One possible source of free particles during this late part of the process is the ball 
milling of smaller agglomerates. Lactose monohydrate is similarly evenly distributed within 
the granules. The large granule sample at 300 s shows high deposits of lactose monohydrate 
particles, but because only qualitative analysis could be carried out, this could indicate a 
homogenous distribution of lactose monohydrate within this particular sample (i.e., similar 
Raman intensities throughout the sample) rather than an abnormally high lactose 
concentration. When one compares the ibuprofen and lactose monohydrate deposits, it can 
be seen that occasionally both components can be found in the same location. As the laser 
spot diameter was 10 μm, which is close to the volume-weighted mean diameter of free 
ibuprofen particles, it is possible that the laser beam excites more than one component in 
each measurement point, if the particles are close to each other or have adhered together. In 
addition, the Raman maps contain areas of very low intensities for both components. These 
can be either intragranular voids or deposits of MCC.  
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Figure 6.9. Intragranular distribution of ibuprofen particles for 420–710 μm, 710–1680 μm, and 
>1680 μm granules as intensity maps. The maps are scaled to a similar size for ease of 
interpretation. The intensity in the Raman maps is color scaled to red (the brighter the color, the 
higher the intensity). 
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Figure 6.10. Intragranular distribution of lactose particles for 420–710 μm, 710–1680 μm, and 
>1680 μm granules as intensity maps. The maps are scaled to a similar size for ease of 
interpretation. The intensity in the Raman maps is color scaled to red (the brighter the color, the 
higher the intensity). 
 
86 
 
6.3.4. Ordered unit formation  
In an attempt to determine the susceptibility of the powder to form ordered units, primary 
particles and mixtures were characterized by laser diffractometry and scanning electron 
microscopy (SEM). The particle size distributions of the primary components and the 
mixture are shown in Figure 6.11. It can be seen that the smallest ibuprofen particles have 
disappeared from the mixture. Taking into account the relative amounts of the components, 
the amount of larger particles has also increased. This is an evidence for the formation of 
ordered units, in which the smallest particles have adhered onto larger carrier particles, 
further increasing their size. From a three-component mixture, it is difficult to estimate the 
amount of ordered units, but a rough estimate based on the data (not shown here) 
suggested that at least 20 vol % of the mixture is in ordered units, although the fraction may 
be much higher. Thus, the mixture can be classified as a partially ordered random mixture, 
in which a proportion of the mixture exists as ordered units and the remaining as free, 
unbound particles. 
 
 
Figure 6.11. Particle size distribution of the primary components and the blend. ·····, ibuprofen;  
- - - -, lactose monohydrate; – – –, MCC; ––, blend. 
 
A few examples of the SEM pictures are shown in Figure 6.12. The SEM pictures reveal 
that MCC particles do not act as carrier particles to the smaller components. Instead, it 
seems that only the coarser ibuprofen (Fig. 6.12e) and lactose monohydrate particles (Fig. 
6.12d and Fig. 6.12f) can act as carriers for the fines. This is possibly due to the more flat-like 
shape of the ibuprofen and lactose monohydrate particles, which allows greater surface 
contacts between the particles. On the contrary,MCC particles have a more spherical shape 
with a porous surface. Even though intuitively one could anticipate that a porous surface on 
the coarse particle would be ideal for forming multiple interparticle contacts and 
mechanical locking sites for fines, this does not seem to be the case for these components. 
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Figure 6.12. SEM photographs of the primary components and the blend. (a) Ibuprofen, 
(b) lactose monohydrate, (c) MCC, and (d–f) blend. 
6.3.5. Segregation  
The mass fraction of ibuprofen particles and amounts of particle sample collected at 
different fluidization heights are shown in Figure 6.13. No binder was added during the 
experiment. As expected, the fluidized particles are concentrated just above the distributor 
plate. The particle density decreases as the distance from the distributor increases, although 
at a height of 25 cm a slight increase in the particle density is observed. However, the 
ibuprofen particles are more concentrated 15–25 cm above the distributor plate. Lactose 
monohydrate and MCC particles segregate more toward the bottom due to their larger 
particle size and higher density (ibuprofen ρ = 1.11 g/mL, MCC ρ = 1.56 g/mL, lactose 
monohydrate ρ = 1.52 g/ mL). However, it is possible that during the sample collection by 
the “flypaper” method, some material sticks to the sample collector rod as the rod is being 
pushed down, thus the method is not able to detect absolute drug concentrations. Because 
the drug concentration (i.e., mass fraction) is lower at higher bed layers, the drug 
concentration at lower bed layers is likely higher than the measured value. As such, these 
results should be treated as indicative of relative drug concentrations rather than absolute 
ones. 
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Figure 6.13. Mass fraction of ibuprofen particles and amount of sample collected at different 
fluidization heights, and circulation heights for 420–710 μm, 710–1680 μm, and >1680 μm 
granules. –■–, ibuprofen concentration; - - ▲- -, amount of sample A 420–710 μm granules, B 
710–1680 μm granules, and C >1680 μm granules. 
 
The digital images from the “flytape” experiment, which illustrate the circulation heights 
for small, medium sized, and large granules are shown in Figure 6.13. The small granules 
(Fig. 6.13a) circulate up to 35 cm above the distributor plate, but granular density becomes 
quite sparse after 25 cm above the distributor. The circulation height for medium-sized 
granules (Fig. 6.13b) is significantly low. The granules are conveyed to a height of 20 cm 
with the granular density decreasing after 15 cm. Large granules (Fig. 6.13c) can be found 
only 10 cm above the distributor plate. However, this experiment assumes that granules 
from each size cut behave similarly in the fluidized bed during actual spray granulation 
process as they do individually (Schaafsma et al. 2006). Granule–granule and granule–gas 
interactions most probably affect the fluidization level and segregation during the 
granulation process (Mazzei et al. 2010, van Bujitenen et al. 2009, Formisani et al. 2001). The 
kinetic energy of the granules is lost in granule–granule collisions, and in cohesion due to 
the wetting. In addition, the fluidization air drag force might be lost in the turbulence 
created by the atomization air pressure from the spray nozzle. Therefore, it is highly 
probably that granules do not reach the circulation heights assessed by the segregation 
experiments during real granulation process. However, as these interactions inside the bed 
act on decreasing the kinetic energy of the granules, it is unlikely that the granules could 
achieve circulation heights higher during actual spray granulation process than the 
experiment suggests. The actual circulation heights for the granules are probably lower 
during the spray granulation process. 
Considering the drug content of small, medium sized, and large granules, it can be 
concluded that the ibuprofen concentrations of the granules at the beginning of the process 
depend on the segregation tendency of the primary particles and on the circulation heights 
of the granules. In tapered fluidized beds, the granules are transported up with the 
fluidizing gas at the midsection of the bed, and downward movement occurs in the outer 
regions of the bed. As the upward transport of small granules extends up to 25–35 cm, the 
small granules are able to accumulate primary particles throughout this whole distance, 
which include the regions of high ibuprofen content. Successful impacts with ibuprofen 
particles are more likely to occur, and therefore small granules have higher drug content. 
The opposite is true for large granules, which stick to the bottom part of the bed only, and 
thus accumulate more the denser lactose monohydrate and MCC particles. 
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6.4 DISCUSSION 
The overall granule growth in the fluidized bed is believed to occur in the manner described 
in Figure 6.14. This may explain the observed process time-dependent variations in drug 
concentrations within different-sized granules as well as the intragranular drug distribution 
and divergences in the granule structure. In the model described by Schaafsma et al. (1998) 
granules grow by coalescence of individual particles or coalescence of rewetted 
agglomerates. It should be noted that rewetting affects granule growth behavior only after a 
sufficient wetting time. Despite the constant refreshment of granular material in the wetting 
zone, the granules grow by coalescence of individual particles until a critical saturation level 
is reached after which the granules grow by coalescence of agglomerates.  
 
 
Figure 6.14. Mechanism of granule growth. (a) Free primary particles at different fluidization 
heights I–III, (b) agglomerates/granules at different fluidization heights I–III, (c) granule 
growth by layering of free particles, and (d) granule growth by coalescence of agglomerates. 
 
At 150 s, the saturation level is low, and the system is in the noninertial regime. With 
primary particles and small agglomerates making up the majority of the bulk, however, the 
larger granules already present have a thin liquid layer but a substantial mass. The liquid 
layer cannot dissipate the kinetic energy of these granules colliding with agglomerates or 
other granules. Therefore, the growth of the granules is promoted by a small particle size 
and good wettability (low contact angle) of the coalescing particles. In other words, growth 
occurs by layering of small particles (Fig. 6.14 B→C). At this point, granule growth is 
consistent with the preferential growth hypothesis. From this perspective, those granules 
larger than 420 μm in diameter can be said to exist in the coating regime because Stv > Stvכ 
because of their size, even though for the system, there is on average Stv << Stvכ.  
At 300 s, rewetting of the granulate has increased the saturation level sufficiently to allow 
successful collisions between agglomerates and small and medium-sized granules. The 
medium-sized granules are formed by the coalescence of agglomerates (smaller than 420 
μm objects) (Fig. 6.14 B→D) rather than by layering of primary particles. On the contrary, 
the large granules still can grow by layering, as the liquid layer is too thin to facilitate 
coalescence of agglomerates into larger granules. Therefore, granule growth by coalescence 
of agglomerates is restricted to a certain size. The system is in the inertial regime, although 
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considering the large granules only, Stv > Stvכ. At this point, the preferential growth relates 
exclusively to the large granules.  
After 600 s, rewetting allows large granules also to grow by coalescence of agglomerates 
(Fig. 6.14 B→D). Granules do not grow significantly by layering any longer, although the 
surface of the granules is being coated by unagglomerated or abraded particles. In 
particular, the large granules accumulate ibuprofen particles, most probably due to a ball 
milling effect, which abrades particles from smaller agglomerates. Nevertheless, coating is 
not the primary mechanism affecting growth any longer, and the preferential growth 
hypothesis is not valid at this stage. After 600 s, agglomerates and the smallest granules 
(objects smaller than 420 μm in diameter) have coalesced into larger objects. If one considers 
granules of size 420 μm and larger, which now make up the majority of the bulk, then Stv > 
Stvכ, although for the smaller objects it is still true that Stv<< Stvכ.  
The process time-dependent changes in the DP% value are related to the growth 
mechanisms at different saturation levels. When Stv << Stvכ,then the granules grow by 
layering, and the preferential growth can affect the accumulation of the drug particles. 
However, in fluidized beds, the deposition of particles onto granules is strongly affected by 
segregation. Small, low-density drug particles are most abundant at circulation heights, 
which one encounters small- and medium-sized granules, where as near the distributor 
plate, the drug particle concentration is lower. Larger granules segregate to the bottom and 
thus accumulate fewer drug particles (Fig. 6.14 A → B). The inhomogenous particle 
distribution between the different sized granules increases the DP% value. However, after a 
critical saturation level has been reached, nearly all of the free primary particles have 
coalesced into agglomerates or have become attached to the preexisting granules. From this 
point onward, granule growth is mediated by the coalescence of the agglomerates (420< μm 
objects), and a decrease in DP% value is observed as the drug content in the agglomerates is 
rather even throughout the process. The coalescence of agglomerates into granules 
promotes the drug content homogeneity within the granules. Coalescence of ordered units 
would have the same effect on homogeneity as the agglomerates, but the effect would have 
appeared already at low saturation levels. However, the high DP% value suggests that the 
partially ordered random mixture does not contribute to homogeneity in this situation. In 
addition, preferential growth does not affect the DP% value because segregation and 
granule growth mechanism have a stronger influence on the accumulation of drug particles.  
Confocal Raman spectroscopy revealed an even intragranular distribution of the drug 
and lactose monohydrate particles. Only large granules accumulated layers of ibuprofen 
particles on the granule surface during the later stages of the process. Apparently, ibuprofen 
particles become incorporated into granules as easily as lactose monohydrate and MCC, 
despite the fact that ibuprofen has significantly higher contact angle (Nastruzzi et al. 2000, 
Iida et al. 2004, Pasquini et al. 2006, Podczeck et al. 2008). The high contact angle prevents 
binder droplets, which impact with the ibuprofen particles from spreading over the particle 
surface. As the likelihood for successful coalescence depends on the availability of the liquid 
layer at the contact point, the ibuprofen particles have a lower probability of forming liquid 
bridges, compared with lactose monohydrate and MCC particles with their lower contact 
angles. Therefore, the fines would have been expected to have higher ibuprofen 
concentrations, but this is not the case. Despite their higher contact angles and thus poorer 
wettability, ibuprofen particles coalesce into granules as well as excipient particles with 
their better wettabilities. The preferential growth hypothesis cannot alone explain the 
accumulation of drug particles. As the ordered units have an increased size compared with 
the free particles, the formation of ordered units would inhibit accumulation of ibuprofen 
into granules if preferential growth were to be the only explanation. Instead, the coalescence 
of drug particles could be assisted by the ordered units themselves. When ibuprofen 
particles have adhered to larger lactose monohydrate particles of better wettability, the 
coalescence of the carrier particle also brings the adhered drug particles into the granule. 
Similarly, coarser ibuprofen particles act as carriers for fine lactose monohydrate. When the 
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surface of ibuprofen particle is covered by fine particles of good wettability, then the 
coalescence of the ordered unit is possible. In addition, small-unbound ibuprofen particles 
can adhere to the granule surface if lactose monohydrate particles are present. Although a 
partially ordered random mixture does not prevent segregation-induced inhomogeneity, 
the formation of ordered units does facilitate incorporation of ibuprofen particles into the 
granules, even at low saturation levels.  
6.4 CONCLUSIONS 
Inhomogeneity phenomena in fluidized bed were studied by means of computerized X-ray 
microtomography and confocal Raman spectroscopy. Unlike the situation in high-shear 
mixer granulators, where inhomogeneity is induced by the preferential growth of small 
particles, in fluidized beds the segregation of particles of different size and/or densities is  
the reason for the inhomogeneous drug distribution. Segregation affects drug homogeneity 
at the beginning of the process, when granules grow only by layering. However, continuous 
rewetting eventually removes all of the free particles from the system, and granule growth 
is governed by the coalescence of the agglomerates. When there are no longer any free 
primary particles, the segregation no longer affects the granulation process, and an increase 
in drug content homogeneity is observed. Even though during the later stages of the 
process, large granules accumulate dense layers of abraded or unbound particles on the 
surface, layering has very little effect any longer on the granule growth. Process time-related 
changes in intragranular structures were observed with PCA, which were further used in 
determining the timely change in granule growth mechanism. In addition, the formation of 
ordered units from the primary particles was also observed, but it was not possible to 
estimate the extent of the ratio of ordered units to unbound particles precisely in a three-
component mixture. However, it is possible that the adhesion of small ibuprofen particles 
onto carrier particles of better wettability assists in incorporating the poorly wetting drug 
particles into granules at low saturation levels. 
Although in many industrial applications of spray granulation, granules larger than 400 
μmin diameterare not desired, extended granule growth might have a positive effect on 
content homogeneity if that is an issue in the end-product quality. In addition, FBSG is a 
complicated process and prone to appreciable batch-to-batch variation. Therefore, granules 
up to 2000–3000 μm in diameter are commonly obtained. Usually these granules are milled 
and processed alongside with the rest of the batch. Even though the formation of the larger 
granules is to be avoided, their influence on the bed behavior needs to be addressed. After 
sufficient rewetting, the number of granules larger than 420 μm in diameter grew 
substantially, and in addition the inhomogeneity decreased. Depending on the end-product 
quality requirements, the granule size distribution and content homogeneity need to be 
balanced by adjusting the granulation end point (i.e., the extent of rewetting prior to 
drying). Even though the results in this study may not be valid for fluidized bed systems 
with other components of different sizes, densities, and wetting characteristics, the 
relationship of content homogeneity and intragranular structure to processing time needs to 
be addressed. In particular, this is important if the components form a random mixture or a 
partially ordered random mixture because these systems are prone to segregation-induced 
inhomogeneity. 
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APPENDIX 6.1 
Parameter var. # 
Drug concentration 1 
VOI volume 2 
Object volume 3 
Percent object volume 4 
VOI surface 5 
Object surface 6 
Intersection surface 7 
Object surface/volume ratio 8 
Object surface density 9 
Structure thickness 10 
Structure separation 11 
Structure linear density 12 
Fragmentation index 13 
Number of objects 14 
Number of closed pores 15 
Volume of closed pores 16 
Surface of closed pores 17 
Closed porosity (percent) 18 
Volume of open pore space 19 
Open porosity (percent) 20 
Total volume of pore space 21 
Total porosity (percent) 22 
Intersection surface/number of objects 23 
Intersection surface/VOI surface 24 
Surface area/number of objects 25 
Object volume/number of objects 26 
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7 X-Ray Microtomography Analysis of Intragranular 
Drug Migration During Fluidized Bed and Oven Tray 
Drying4 
 
ABSTRACT  
During the drying process of a wet granulate, water-soluble compounds can migrate to the 
outer layers of the granule with the evaporating solvent. This migration can affect structural 
and mechanical characteristics of the granules as the solute accumulates on the granule’s 
outer crust. The objective of this study was to compare the effect of the fluidized bed and 
oven tray at different drying temperatures on the characteristics of intragranular migration. 
The extent of migration and the migration effect on granule structure and granule strength 
were investigated using light microscopy and computerized X-ray microtomography, in 
both qualitative and quantitative terms. In addition, a mechanical tester was used to assess 
granule strength and granule failure type. Multivariate analysis of variance with a followup 
discriminant analysis was conducted to investigate the effect of the drying method and the 
drying temperature on the granule structure. There were significant differences in the 
intragranular distribution of water-soluble compound as well as in the granule structures 
and mechanical properties between the drying methods, where drying temperature had 
only a marginal effect. 
  
                                                 
4 Adapted with permission of Wiley from: Poutiainen S, Honkanen M, Becker J, Nachtweide D, Järvinen K, 
Ketolainen J. X-Ray Microtomography Analysis of Intragranular Drug Migration During Fluidized Bed and Oven Tray 
Drying. J. Pharm. Sci. 101: 1587-1598, 2012. 
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7.1 INTRODUCTION 
Wet granulation is a common particle size enlargement process used in pharmaceutical 
industry (Faure et al. 2001, Sochon et al. 2010). Granulation is used to improve a powder’s 
flowability and subsequent compression into tablets. In addition, granulation reduces 
dusting and segregation. Ultimately, the purpose is to produce agglomerates with narrow 
size distribution of uniform composition. Powder particles are agglomerated together by 
applying a suitable binder with sufficient agitation. In wet granulation, a liquid binder is 
used to bind the primary particles together, and a subsequent drying process is needed to 
remove the excess moisture after granulation. However, during the drying process, 
compounds soluble in the binder liquid may migrate to the outer layers of the granule with 
the evaporating solvent (Kiekens et al. 1999, Kiekens et al. 2000, Kapsidou 2001). If the active 
pharmaceutical ingredient (API) is soluble, attrition during the drying and elution of the 
dust can lead to a substantial loss of the API, especially when the amount of API is very 
small in the granules. In addition, intragranular migration of components can affect granule 
structure and strength, and thus influence the subsequent production steps such as 
tabletting. 
The drying process of solids is generally subdivided into two stages according to the 
drying rates. These stages are called the constant drying rate period and the falling drying 
rate period (Menon and Mujumdar 1987, Schlünder 2004). During the constant rate period, 
the evaporation rate depends only on the difference between liquid vapor pressure (PV) and 
ambient partial pressure of the liquid (PA). The liquid vapor pressure remains constant, as 
the surface of the solid is constantly rewetted by liquid being drawn from the interior 
toward the surface. The liquid flow is caused by the capillary tension of the liquid (P), 
which depends on the radius of the curvature (r) of the liquid–vapor interface (meniscus) 
(Eq. 7.1): 
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       (7.1) 
 
where γLV is the liquid–vapor interfacial energy (George 1990). The tension in the liquid is 
supported by the pore walls, which experience compressive forces. This causes the solid 
matrix to contract and this creates new bonds between the solid particles and reduces the 
porosity. Evaporation reduces the volume of the liquid at the meniscus, which becomes 
curved. The curvature increases the capillary pressure, thus increasing the compression of 
the solid matrix as well. Eventually, the surface dries to a point where it can no longer 
saturate the surrounding air, that is, the liquid vapor pressure PV is less than the partial 
pressure of the liquid PA at the ambient temperature. When the radius of the meniscus 
becomes sufficiently small enough to fit into the pore, maximum capillary tension is exerted 
by the liquid. This point is called the critical moisture content of the material. After this 
point, the resistance of the solid matrix overcomes the compression forces from the liquid 
tension, and the contraction stops. Further evaporation retracts the meniscus inside the solid 
body, and the pores near the solid surface gradually change from the funicular to pendular 
saturation level (Yiotis et al. 2001, Yiotis et al. 2004). At this point, there is termination of 
capillary pressure-induced liquid flow toward solid surface. Thereafter, evaporation takes 
place from within the solid bulk, and water vapor is removed by diffusion through the pore 
(Mehrafarin and Faghihi 2001, Balasubramanian and Srinivasakannan 2007). This stage of 
the drying is called the falling drying rate period. During the constant rate period, the 
evaporation cools the surface of the solid bulk. An equilibrium is attained between the 
temperature reduction and evaporation rate, and the solid surface is at the wet bulb 
temperature during the constant rate period. However, during the falling drying rate 
period, the surface temperature approaches the ambient temperature, and the drying rate 
starts to depend less on ambient temperature and vapor pressure. Instead, it is governed by 
the diffusion of the vapor. If one considers the mass transport during drying, an implicitly 
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higher drying temperature would inhibit migration of the solute, as the constant rate drying 
period would be significantly shorter. When the drying is faster at the beginning, the critical 
moisture content of the material is reached more rapidly. As the drying front moves inside 
the solid, the drying rate is reduced as vapor diffusion governs the mass transport, thus 
solute migration also becomes impaired (McMinn et al. 2005). On the contrary, with lower 
drying rate, the constant rate period is maintained longer (Steinbeck and Schlünder 1998). 
There is more time for solutes to be transported with the flowing liquid toward the 
evaporating liquid menisci on the granule surface. In addition, the solute can diffuse back 
toward the granule core down the concentration gradient, even though back diffusion may 
be weaker than the transport toward granule surface by capillary suction. Despite the fact 
that the drying temperature has a clear effect on the drying rate (Steinbeck and Schlünder 
1998), the temperature has been shown to have very little or even no effect at all on solute 
migration (Warren and Price 1977A, Kiekens et al. 1999).  
In conjunction with the drying rate, the physical characteristics of different dryers can 
have a substantial impact on the granule structure and solute migration within the granular 
bed. If the granular bed is densely packed during the drying process, which is usually the 
case during oven tray and single-pot microwave drying, intergranular migration of the 
solute can occur (Rubinstein and Ridgway 1974, Warren and Price 1977A, Warren and Price 
1977B, Kiekens et al. 1999, Kapsidou et al. 2001). When liquid film continuity is maintained 
between individual granules within the granular bed, capillary movement of the solute 
through intergranular pores can lead to inhomogeneous distribution of the water-soluble 
compounds within the bed. Oven tray and microwave drying are characterized with lower 
drying rates, which generally yield low porosity and dense granules (Bashaiwoldud et al. 
2004, Chee et al. 2005, Loha et al. 2008). Similarly, as the drying front is at the exterior of the 
granules, vacuum drying produces granules of low porosity due to the slow and gentle 
nature of the drying process (Hegedűs and Pintye-Hódi 2007A).  
Fluidized bed (FB) drying is generally considered as an effective drying method due to 
the high heat and mass transfer rates (Menon and Mujumdar 1987, Feng et al. 1999, Matteo 
et al. 2003, Hegedűs and Pintye-Hódi 2007A, Zhang et al. 2006). In addition, intergranular 
migration is not possible because individual granules are isolated by suspension in the 
stream of air preventing mass transfer between the granules (Travers 1975). However, 
because of intragranular migration during FB drying, granules can form a strong outer crust 
as the transported, nonvolatile solutes precipitate at the granule surface. As the solute 
migrates to the outer layers of the granule, the inner core will be solute depleted and thus 
softer (Rubinstein and Ridgway, Bashaiwoldu et al. 2004). Despite the higher drying rate, FB 
drying has been shown to produce greater solute migration in granules compared with 
oven tray, vacuum tumbling, and microwave dryers (Travers et al. 1975, Travers and Patel 
1976). In addition, a higher drying rate has been reported to actually increase migration, 
possibly by preventing back diffusion (Rubinstein and Ridgway 1974, Chien and Nuessle 
1985). It should be noted that in the previous studies the extent of migration was assessed 
by analyzing solute concentrations of attrited powder rather than analyzing the granules 
themselves. Nevertheless, the findings on migration during FB drying do contradict the 
theoretical arguments on solute transport during high rate granular solids drying. In 
addition to the choice of dryer and drying temperature, physicochemical factors such as 
primary particle size, binder liquid viscosity, and surface tension affect migration (Kiekens 
et al. 2000, Warren and Price 1977A, Warren and Price 1977B). However, as these factors 
directly affect agglomeration and granule growth, and are therefore usually formulation 
dependent, their influence on migration cannot always be readily avoided nor adjusted.  
The inconsistency between the reported migration during FB drying and the well-
established theory of drying of solids, as well as the neglected effect of elevated temperature 
on migration, demands new analytical methods to investigate this subject. With the 
development of tabletop X-ray microtomographic systems with a resolution of a few 
microns, it is possible to obtain both qualitative and quantitative information on granule 
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structure in a nondestructive manner (Farber et al. 2003, Landis and Keane 2010). The 
objective of this work was to investigate the intragranular distribution of a water soluble 
compound in a FB and oven-tray-dried granules by computerized X-ray microtomography. 
The drying rates between the two methods are substantially different and thus result in 
distinctive solute migration mechanisms. In addition, the spatial distribution of the 
components within granule can be determined by X-ray microtomography when there are 
sufficiently great true density differences between the components (Sinka et al. 2004, Wang 
et al. 2010). The changes in intragranular structure due to solute migration and drying 
process are also analyzed.  
7.2 MATERIALS AND METHODS 
7.2.1. Materials  
Each granulation batch was 500 g, of which 95% (w/w) was microcrystalline cellulose (MCC; 
Avicel R, PH 101, NF; Ph. Eur, Ireland) and 5% (w/w) was water soluble riboflavin-5’-
monophosphate sodium salt (Ph. Eur; Sigma–Aldrich, Buchs, Switzerland). An aqueous 
solution of 5% (w/w) K-25 grade polyvinylpyrrolidone (PVP) (Kollidon 25; Ph. Eur.; BASF 
Corporation, Ludwigshafen, Germany, ρ = 1.18 g/cm3) was used as a binder liquid. 
Riboflavin-5-monophosphate sodium salt was chosen as the marker compound for 
migration because the true density difference between MCC (ρ = 1.56 g/cm3) and riboflavin-
5’-monophosphate sodium salt (ρ = 2.48 g/cm3) was deemed suitable for separating the 
compounds in the X-ray microtomography analysis. In addition, riboflavin-5’-
monophosphate sodium salt has an intense orange color, which makes it possible to 
visualize the solute migration by light microscopy.  
7.2.2. Granulation and drying setups 
Three batches were granulated in a 10 L high shear mixer (MicroMixer QMM-1 high shear 
mixer, Donsmark Process Technology A/S, Denmark). The granulation liquid was added 
through a nozzle using a peristaltic pump at a rate of 42 mL/min to a rotating powder 
mixture until a total amount of 500 mL had been added. The impeller speed was 400 rpm. 
After the liquid addition, the granulate was wet massed at an impeller speed of 500 rpm for 
2 min. Half of the batch was instantly dried in an instrumented FB dryer (Aeromatic 
STREA-1; Aeromatic-Fielder AG, Switzerland), whereas the other half was oven tray dried 
in an air circulation oven (Termaks TS115, Termaks, Norway). In the oven tray drying, the 
granules were spread on the tray on a thin layer to prevent extensive intergranular 
migration of the solute. The batches were dried at 25 °C, 40 °C, or 60 °C. The drying end 
point for FB drying was determined from the moisture content profile of the exhaust air. In 
addition, the drying end points were estimated by the loss-on-drying method from small 
samples collected during FB and oven tray drying. The granulate was sieved after drying. 
Granules from the sieve cuts of 420–710 μm, 710–1000 μm, and 1000–1680 μm were chosen 
for further analysis. Individual granules smaller than 420 μm in diameter were too difficult 
to handle because of their tendency to aggregate. All together 18 different sets of samples 
were thus obtained, three sieve cuts from each drying temperature in either the FB or the 
oven. The samples were protected from light during storage. In addition, a batch of MCC 
was granulated without the marker using otherwise the same procedure. MCC granules 
were oven tray dried at a temperature of 40 °C. The pure MCC granules were used as a 
reference in the migration studies.  
7.2.3. Computerized X-ray microtomography  
A random pick of five granules from each sample set were imaged with a Skyscan 1072 X-
ray microtomograph (SkyScan N.V., Aartselaar, Belgium). Individual granules were 
attached to the sample holder using two-sided tape, and scanned using 40 kV voltage and 
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133 μA current without filtering of the X-ray beam. The voxel size of the images was 3.81 
μm. Cross-sectional images were obtained using NRecon software (NeoReconServer64bit, 
Version, 1.6.1.5, SkyScan N.V.). Morphometric parameters were determined from the 
segmented or binarized crosssectional three-dimensional (3D) data sets using CT Analyser 
software (SkyScan N.V., version 2.1), which uses the “marching cubes” algorithm to 
perform 3D morphometric analyses. From the stack of cross sectional images, a volume of 
interest (VOI) containing only the granule was extracted for the analysis. A total of 35 
variables were obtained; these variables are listed in Appendix 1. Two different approaches 
were selected for the morphometric analysis. In the first approach, the reconstructed images 
included both MCC and riboflavin monophosphate particles. These reconstructions were 
used in the statistical analysis. In the second approach, only 3.3% of the highest density 
value voxels were used in order to qualitatively analyze the migration effect. As the true 
density difference between MCC and riboflavin monophosphate is about 0.9 g/cm3, it was 
presumed that the highest density value voxels included only riboflavin monophosphate 
deposits. A value of 3.3% is the volume ratio of the riboflavin monophosphate salt in the 
powder mixture. Although the exact amount of riboflavin sodium phosphate in the 
individual samples is unknown, it was presumed that the marker had been distributed 
uniformly within different granule size fractions. In addition, maximum intensity 
projections (MIPs) of the samples were generated. The MIP is generated by assigning the 
highest density value from all the stacked cross-sectional images to each voxel position, and 
thus it can be used to visualize denser structures. For the MIP analysis of the granule 
samples, cross-sectional images corresponding to one fourth of the granule’s radius were 
excluded both below and above the selected center images. Thus, the MIP analysis was 
carried on the middle portion of the granule only, so that accumulation of the riboflavin 
monophosphate on the granule’s top and bottom layers would not distort the MIP image by 
obscuring the view of the interior of the granules. Migration of the marker toward the 
granule outer layers would still be visible in the MIP image as a denser ring.  
7.2.4. Statistical analysis  
All statistical analyses were performed with SPSS 14.0.1 for Windows. A multivariate 
analysis of variance (MANOVA) was conducted to test whether the grouping variables 
would explain the differences in the intragranular structures. The grouping variables were 
the drying method (FB or oven drying) and the drying temperature (25 °C, 40 °C, or 60 °C). 
A followup descriptive discriminant analysis (DA) was used to assess the classification of 
the samples according to the grouping variables.  
As the number of objects must considerably exceed the number of dependent variables in 
MANOVA (Ståhle and Wold 1990), all nonessential variables were excluded together with 
variables that were derivatives of others. In addition, variables which relate to absolute 
granule size only were also excluded from the analysis. Furthermore, some of the variables 
removed after preliminary analysis indicated they supplied no additional information but 
reduced the statistical power instead. The response variables in the final MANOVA and DA 
analysis were percent object volume, object surface–VOI surface ratio, structure separation, 
structure thickness, connectivity, object surface density, intersection surface–VOI surface 
ratio, and fractal dimension. The VOI parameter refers to the VOI, that is, samples envelope 
volume which includes the volume of the solid component and the volume of pores and 
small cavities. 
7.2.5. Light microscopy  
Migration of the riboflavin monophosphate was qualitatively assessed by the use of 
polarized light microscopy. Five granules from each sample set were carefully halved with a 
scalpel. The granule half was positioned on the microscope (Nikon Eclipse LV100) stage so 
that the interior of the granule could be examined. Magnification of 5× was used with EPI 
illumination and exposure time of 40ms. A focused image of the cut plane was 
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reconstructed from several digital images taken by a camera attached to themicroscope. 
Depending on the height of the surface asperities on the cut plane, 14–82 frames were used 
to obtain a construction of one focused image for each granule sample. Vertical step distance 
was 15 μm between the frames. The reconstruction of the images was done with image 
processing software (NIS-Elements AR 3.00, SP7, Copyright 1991–2006; Laboratory Imaging, 
Nikon). 
7.2.6. Dry granule strength  
A Lloyd LFPlus (Lloyd Instruments, Bognor Regis, United Kingdom) material tester was 
used in order to assess dry granule strength by single granule uniaxial compression tests. 
The material tester was equipped with a 1 kN load cell. Single granules (n = 50) from each 
set of samples were compressed with a crushing-pin velocity of 0.2 mm/s. Dry granule 
strength (τ) was calculated using the equation proposed by Adams et al. (1994) (Eq. 7.2): 
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where Fmax is the fracture force and d is the granule diameter. The maximum fracture force 
and fracture failure types were evaluated from the force–displacement curves (Pitchumanie 
t al. 2004, Antonyuk et al. 2005). Granule diameter was calculated from the load cell distance 
to sample base at the point force signal indicated the first contact with the granule surface. 
7.3 RESULTS AND DISCUSSION 
7.3.1. The effect of drying process on intragranular structure   
The morphometric variables computed from the X-ray microtomography images were 
analyzed using MANOVA with a follow-up DA. All of the granule size fractions were 
included in the analysis. Analysis using two-way MANOVA (Pillai’s trace) revealed the 
main effect of the drying method on the morphometric variables at an alpha of 0.05, Pillai’s 
trace =0.574, F (9, 73) = 10,913, p < 0.001, power = 1000. As the Box’s M test was significant (p 
< 0.001), Pillai’s trace was used instead of Wilks’ lambda, as Pillai’s trace is more robust even 
when the assumption of homogeneity of covariance is not met. The effect size η2 represents 
the proportion of variance credited to the factor. A measure of effect size, η2 = 0.574, is 
indicative of a large main effect of the drying method. It can be concluded that samples 
dried in FB have different intragranular structure than samples dried in oven. However, the 
effect of the drying temperature on the granule structure was smaller at an alpha of 0.05, 
Pillai’s trace = 0.482, F (18, 148) = 2614, p = 0.001. The measure of effect size, η2 = 0.241 
indicated a small effect of the drying temperature. In addition, an interaction effect of the 
drying method and drying temperature was evaluated at an alpha of 0.05, Pillai’s trace = 
0.426, F (18, 148) = 2228, p = 0.005. The effect size, η2 = 0.213, is evidence of a small 
interaction effect. It appears that the drying temperature had very little effect on the granule 
structure, or therefore on the migration. The observed differences in the migration and 
granule structure were caused mostly by the choice of dryer.  
A follow-up DA was done to discern which morphometric variables were contributing to 
the observed difference between the drying methods. Tests of dimensionality indicated that 
the first (and only) dimension was statistically significant. The first dimension had a 
canonical correlation of 0.743 between the morphometric variables and the drying method 
classification, thus 55% (0.7432) of the total variation in the samples was explained by the 
difference between the drying methods. The p value for χ2 statistic (<0.001) indicates that 
the sample groups have different mean scores, thus the group membership can be explained 
by the discriminant function.  
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The discriminant dimension was positively weighted by object surface–VOI surface 
(3.022) and percent object volume (2.853), and strongly negatively by intersection surface–
VOI surface (−1.047). However, the lower standardized discriminant coefficients on 
connectivity, fractal dimension, and intersection surface–VOI surface ratio are evidence that 
variables’ correlation was already explained by other variables, or that differences between 
the drying methods were not as large on these variables. The classification results are shown 
in Table 7.1. It can be seen that 87.4% of the original grouped cases and 85.1% of the cross-
validated cases were correctly classified. The Box’s M test of equality of covariances 
revealed a p value of less than 0.001 for the DA function. Therefore, the assumption of 
equality of covariances cannot be assumed. However, because of the rather high correct 
classifications, the violation of the assumption was not deemed significant in the 
classification capability of the DA function. These results indicate that the choice of dryer 
had a major effect on the intragranular structure. The structural differences may be due to 
the different mechanisms of liquid and solute transport between FB and oven tray drying. 
 
Table 7.1. Classification Results 
  Predicted Group 
 Membership 
 
Drying Method  1 2 Total 
Original  1 39 5 44 
 2 6 37 43 
Cross-validated 1 38 6 44 
 2 7 36 43 
 
 
The five morphometric variables best discriminating the samples are illustrated in Figure 
7.1. The object surface–VOI surface ratio reflects the total surface area of all of the solid 
material in the granule. The VOI surface is the envelope surface area of the granule, and is 
strictly proportional to granule size. The object surface density is the ratio of the surface area 
of the solid objects to the VOI volume. These two variables describe the complexity of the 
structure. A more densely packed and continuous structure has a lower surface area per 
unit volume compared with a structure with irregularities and cavities. The percent  object 
volume is the ratio of the solid objects volume to the total volume of the granule in 
percentage, thus it represents an inverse of the intragranular porosity. The structure 
thickness and structure separation values describe the diameter of the largest (virtual) 
sphere entirely bounded within solid surface, or enclosed in the pore space within the VOI, 
respectively. This means that the structure thickness value describes the average size of 
solid particles within the granule, whereas structure separation depicts the average size of 
pores.  
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Figure 7.1. Contour plots of the five morphometric variables best discriminating the samples. (a) 
Object surface to VOI surface ratio, (b) object surface density (μm−1), (c) percent object volume 
(%), (d) structure thickness (μm), and (e) structure separation (μm).  
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The key feature shown in Figure 7.1 is that FB drying yields a more porous, complex, and 
irregular intragranular structures than oven tray drying. This is evident especially in the 
larger granules. However, the drying temperature was not found to have any systematic 
effect on the granules’ structures, which is in accordance with the low effect size of the 
temperature variable in MANOVA. In general, the granules were rather densely packed, 
and of low porosity as is usually the case with high shear produced granules. However, 
only the FB-dried granules exhibited a clear increase in porosity and structure complexity 
with the granule size. This implies that the granule size (i.e., granule strength) and the 
liquid transport mechanism during FB drying have an incidental effect on the granule 
structure, which cannot be caused by migration and distribution of the solutes only. It is 
possible that the rapid evaporation of the liquid in FB prevented the shrinkage of the 
granule during drying. MCC has a tendency to absorb water and swell during the 
granulation process. The loss of water during drying resulted in shrinking, or contraction, a 
process which made the granules more dense and reduced the intragranular porosity. As 
the critical moisture content of the material was reached more quickly during FB drying, the 
evaporating liquid front moved inside the granule. The rapid FB drying prevented 
shrinkage of the intragranular matrix, thus resulting in larger intragranular cavities and of 
higher total porosity (Kleinebudde 1994). As the evaporating front retracted more toward 
granule interior, the increased friction due to dry pore surfaces between particles 
counteracted the contractile forces originating from the capillary force in the binder liquid. 
The evaporation was probably faster than the internal liquid flow (Berggren and Alderborn 
2001A, Berggren and Alderborn 2001B). Conversely, during slow and less stressing oven 
tray drying, the liquid was transported by capillary suction to the granule surface where 
evaporation occurred. The internal liquid flow was faster than evaporation, and the liquid 
tension at the drying meniscus could act for a longer time to pull particles together (George 
1990). The shrinkage of the solid matrix finally stopped when the critical moisture content 
was reached. As the liquid front retracted inside the pores, that is, the radius of the drying 
meniscus became equal to the radius of the pores, the capillary tension in the liquid was at a 
maximum. Further drying decreased the liquid tension and the contractile forces could not 
overcome particle–particle friction in the solid matrix.  
7.3.2. Migration of the marker compound  
The difference in marker distribution between the two drying methods was quantified by 
calculating the ratio (D) of high-density components between granule core and the whole 
granule using Eq. 7.3: 
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where V1 is the volume of the high-density objects in granule core, V2 is the volume of the 
high-density objects in the whole granule, V3 is the core volume (including pores), and V4 is 
the whole granule volume (including pores). The granule core was defined as a virtual 
sphere located at the center of the granule with a diameter of 0.5 of the granule’s radius at 
the midpoint. The distribution ratio value (D) describes the amount of the marker 
compound deposited within the granule core compared with the expected amount of 
marker at the granule core when the marker compound is homogeneously and evenly 
distributed within the granule’s whole volume (D = 100%). Migration of the marker from 
the granule core toward outer layers decreases the marker concentration within the core, 
which leads to a reduction in the D value (D < 100%). Conversely, an increase in the D value 
is observed instead if the marker accumulates at the core (D > 100%). 
The D values for the different drying procedures are shown in Figure 7.2. After oven tray 
drying at 25 °C and 40 °C, the cores of the granules contained approximately 20% of the 
marker compared with the theoretical homogeneous distribution. It appeared that a slow 
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drying rate had caused significant migration of the marker from the granule core toward 
granule outer layers. Similarly, oven tray drying at 60 °C created a notable solute migration 
toward granule outer layers, with roughly 50% of the marker retained at the granule core 
only. However, FB drying resulted in completely different migration behavior. FB drying at 
25 °C and 40 °C yielded an approximately homogeneous distribution of the marker. Because 
of the fast drying rate, the drying front moved quickly inside the granule. Solute migration 
was minimal as the evaporation rate was faster than the liquid flow from the granule core 
toward the evaporating front. FB drying at 60 °C resulted in a substantial accumulation of 
the marker in the granule core. One possible explanation is that as the drying front was 
moving inside the granule, the evaporating water vapor had to diffuse through the pores 
outside the granule (Steinbeck and Schlünder 1998). If the evaporation was faster than the 
diffusion of the water vapor at 60 °C, the water vapor pressure would become saturated, 
and evaporation would cease. This would elevate the granule and liquid temperature, and 
the diffusion of the solute. If solute diffusion down the concentration gradient toward the 
granule core was faster than the evaporation, then more solute would accumulate at the 
granule core. Nevertheless, the results clearly show that slow drying rate had increased 
migration toward granule outer layer, whereas drying at a high drying rate process yielded 
a more homogeneous distribution of the water-soluble compound. These results contradict 
the findings of Rubinstein and Ridgway (1974), Travers (1975), Travers and Patel (1979) and 
Chien and Nuessle (1985) but they are more in accord with the theory of drying of solids. It 
should be noted that in the earlier studies, the drying rates were associated with different 
drying temperatures with a single drying method, rather than on the physical characteristics 
of the drying method itself. Another possible explanation stems from the inherent difference 
in the intensities of the two drying processes. Oven tray drying is a static process, whereas 
the agitation forces inside FB are strong enough to trigger erosion and breakage (Shamlou et 
al. 1990, Weber et al. 2006, Nieuwmeyer et al. 2007). In addition to the structural damage 
from agitation, the rapid removal of moisture during FB drying increases the pressure 
gradient in the binder liquid, which may stimulate crack formation in the granule (Hegedűs 
and Pintye-Hódi 2007A, Berggren and Alderborn 2001B). In addition, after the critical 
moisture content is reached, liquid evaporation continues first from the largest pores. This 
creates tension within the neighboring small pores, deforming the pore walls (George 1990). 
The structural changes caused by the drying process have been postulated to affect the 
solute migration (Loha et al. 2008). Formation of intragranular cracks and pores prevents 
capillary movement of the binder liquid and thus stops any solute migration, as the 
capillary pressure drops at any broadening of the pore passage. Solute migration ceases at 
the edges of pore spaces, whereas the trapped liquid eventually evaporates and diffuses to 
the granule surface as a vapor, leaving solute precipitates on the pore edges. However, the 
core accumulation of the marker in FB 60 °C dried granules cannot be readily explained 
with this approach only.  
The distribution of the highest density component was also visualized by MIP. A few 
typical examples of MIP images from granules collected from the 1000–1680 μm sieve 
fraction are shown in Figure 7.3. As the large evaporating surface area to volume ratio of 
smaller granules lead to a faster drying rate regardless of the drying method and 
temperature (Berggren and Alderborn 2001A), only the largest granules were chosen for the 
analysis. In addition, the irregular shape of the smaller granules made it more difficult to 
define granule radius and position of virtual granule core for the quantification of the 
marker distribution. By visually observing the oven-tray-dried granules (Fig. 7.3a), a 
concentration of high-density riboflavin monophosphate deposits could be seen on the 
outer layers of the granules. It is also possible that the marker had migrated to the granule 
upper side as shown by the light microscopy images, but as one fourth of the top-most and  
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Figure 7.2. Marker distribution between granule core and the whole granule (D %). A value of 
100% corresponds to homogeneous intragranular distribution of the marker compound. 
A D % value less than 100% indicates accumulation of marker near to the granule surface. A D 
% value greater than 100% is indicative of accumulation of the marker in the granule core. 
±Standard error, n = 5.  
 
bottom-most cross-section images were excluded from the analysis, those marker deposits 
are not seen. In the FB-dried granules (Fig. 7.3b), the higher density components were 
significantly more homogeneously distributed. Riboflavin monophosphate deposits could 
be detected on the granule core as well as on the granule crust. The MIP images are 
consistent with the information provided by the D values that the low drying rate in oven 
tray dryer causes migration of water-soluble components toward the granule outer layers. 
The FB-dried granules showed an increased tehndency for the marker accumulation in the 
granule core, which occdurs when the solute diffusion down the concentration gradient 
toward the granule core is faster than the evaporation from the outer layer. 
 
 
Figure 7.3. Maximum intensity projections of 1000–1680 μm granules. (a) Oven-tray-dried 
granules and (b) fluidized-bed-dried granules. Drying temperature: left, 25 °C; middle, 40 °C; 
right, 60 °C. The contrast of the images has been enhanced. 
 
Reconstructed images from the light microscopy revealed clear evidence of migration of 
the marker compound, riboflavin sodium phosphate, in the oven-tray dried granules which 
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had been dried at 40 °C and 60 °C (Fig. 7.4a). During the oven tray drying, the marker 
migrated more to the topside of the granule. Presumably the solvent front had diffused 
toward the topside more, as the tops of the granules were subjected to more forceful 
convection and thus increased evaporation, whereas the densely packed granular bed on 
the tray impeded solvent evaporation to and from the sides. The one-way movement of the 
solvent front thus created “unipolar” granules, in which the topside of the granule was 
marker enriched with the other side being marker depleted. This unipolarity was observed 
in all of the granule size fractions dried either at 40 °C or 60 °C. However, granules dried at 
25 °C did not exhibit this type of unipolarity. However, degradation of riboflavin 
monophosphate could occur at elevated moisture levels if exposure to water takes a 
prolonged time (Choe et al. 2005). It is possible that some of the marker deposits in the 
granules decomposed during the slow drying process, thus no visual evidence of the 
migration could be detected. Inspection of the FB-dried granules (Fig. 7.4b) did not reveal 
any unipolarity in the granules, regardless of the granule size fraction or drying 
temperature. It is likely that diffusion of the solute was not restricted only to the one-way 
direction, as is the case during tray drying, but the solvent was free to evaporate from all 
sides because the granulewas suspended in a stream of air. In contrast to earlier research 
(Rubinstein and Ridgway 1974), marker enriched crust around the FB-dried granule cannot 
be visualized with light microscopy. The darker layer around the FB-dried granules (Fig. 
7.4b) was most likely caused by the curvature of the granule. The center of the granule was 
subjected to more intense illumination from the light source, whereas the borders were 
below the focal plane because of the curvature of the more-or-less spherical granule, and 
therefore appeared to be darker. Nevertheless, migration assessment by light microscopy 
supported the X-ray microtomography analysis. Although quantitative X-ray 
microtomography analysis provides the most comprehensive results, the qualitative 
analyses used in assessing the marker migration provide similar, and thus conclusive, 
results that migration of water-soluble compounds is drying rate dependent and that oven 
tray drying causes the most extensive migration toward the granule outer layer.  
 
 
Figure 7.4. Reconstructed light microscopy cross-section images from 1000 to 1680 μm 
granules. (a) Oven-tray-dried granules and (b) fluidized-bed-dried granules. Drying 
temperature: left, 25 °C; middle, 40 °C; right, 60 °C. The contrast of the images has been 
enhanced.  
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7.3.3. Effect of migration on dry granule strength 
It has been suggested that intense intragranular migration produces granules with a strong 
outer crust. As the inner core contributes little to the overall granule strength, solute 
migration and precipitation at the outer layers is believed to make the granule stronger 
(Rubinstein and Ridgway 1974, Schaafsma et al. 2000). Low drying rate processes are known 
to produce stronger granules (Bataille et al. 1993, Dyer et al. 1994, Bashaiwoldu et al. 2004). 
This difference has been attributed to the less porous, denser granules obtained from these 
processes, whereas rapid FB drying yields generally weaker high-porosity granules.  
The dry granule strength for the sample sets was evaluated from the force–displacement 
curves. Two examples of force–displacement curves of dry granule compressions are shown 
in Figure 7.5. During the compression, the downward movement of the crushing pin exerts 
increasingly higher forces, which are resisted by the granule. The maximum fracture force is 
measured at the point where the granule first cracks, and a rapid decline in the force signal 
is observed (Fig. 7.5a). After the appearance of the crack, the granule fragments and 
particles become rearranged under the probe, and subsequent peaks in the force–
displacement curve are caused by breakage or displacement of the fragments under the 
continued compression (Fig. 7.5b). Finally, the fragments cannot compact any further and 
the force rises steeply when resistance to the compression is caused by the steel plate only 
(Fig. 7.5c). The compression is stopped and the crushing pin is retracted when a maximum 
force of 90 N is reached. In addition, the force–distance curve provides qualitative 
information on the type of granule structure failure. Brittle failure is reflected as a very high 
rate of the drop in the force signal after the first crack (Fig. 7.5a), whereas a lower rate of the 
drop (Fig. 7.5d) is a characteristic of ductile failures.  
The dry granule strengths for the sample sets are shown in Table 7.2. As expected, 
smaller granules were generally stronger than their larger counterparts. In addition, the 
oven-tray-dried granules had been clearly affected by the drying temperature. The strongest 
420–710 μm granules were produced at a drying temperature of 25 °C, whereas drying at 60 
°C produced the strongest 710–1680 μm granules. It is possible that because the partial 
pressure of water at 25 °C was lower than at 40 °C or 60 °C, the residual moisture content of 
the granules dried at 25 °C was also higher. The high surface areas of small granules were 
able to adsorb enough moisture to effectively elevate the granule strength (Nieuwmeyer et 
al. 2008). The larger granules (710–1000 μm and 1000–1680 μm) were at their strongest when 
oven tray drying temperature was 60 °C. However, this did not support the solute enriched 
crust leading to increased granule strength. On the contrary, with the oven-tray-dried 
granules, drying at the 60 °C caused the least migration (Fig. 7.2). It is possible that greater 
unipolarmigration of the solutes, including marker and PVP (Rubinstein and Ridgway 1974, 
Schaafsma et al. 2000) had induced weaker PVP bridges between MCC particles within the 
rest of the granular body. In addition, co-precipitation of marker and PVP could lead to 
formation of solid bridges between MCC particles on the granule outer layers that were 
weaker than the pure PVP bridges (Bika et al. 2005). 
However, the FB-dried granules exhibited smaller variations in their dry granule 
strengths than the oven-tray-dried granules in all granule size fractions. Regardless of the 
drying temperature, FB drying seemed to produce granules of similar strength. Despite the 
higher porosity of the FB-dried granules, they displayed a similar strength to the weakest 
oventray-dried granules. As the migration of the solutes had been only minimal in FB-dried 
granules, it is reasonable to postulate that migration had affected the overall granule 
strength. However, the effect of solute migration on dry granule strength was probably 
dependent on the soluble materials’ physicochemical properties, which determine the 
strength of the solid bridges between the constituent particles. 
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Figure 7.5. Examples of force–distance curves of two granules experiencing failure. (a) 
Maximum fracture force, (b) rearrangement of fragments, and (c) and (d) maximum force at 
which the crushing pin is retracted. —, brittle failure;–––, ductile failure.  
 
In addition, the type of granule failures was assessed for each of the sample set. Each 
granule failure was classified as being either brittle or ductile according to the rate of the 
decline in the force signal. Brittle to ductile failure ratios are shown in Table 7.2. The 420–710 
μm granules could be classified as ductile regardless of the drying method, although there 
was a slight decrease in the brittle to ductile failure ratio at higher drying temperatures. 
However, the 710–1000 μm granules displayed greater dissimilarity between the drying 
methods. The oven-traydried granules appeared to be generally more ductile than FB-dried 
granules, but the granule brittleness increased rapidly with the drying temperature. A 
similar tendency was also evident in the 1000–1680 μm granules. It is possible that greater 
solute migration in high temperature oven tray drying had left less PVP in granule core for 
the solid bridges to bind the constituent particles together. Because of the weaker bonds, the 
granule core was less able to absorb the energy required for plastic deformation. Brittle 
fracture is known to occur when the local stress eventually exceeds the solid bridges’ 
cohesive strength. However, ductile failure remained the predominant mechanism of 
fracture for FB-dried granules in all granule size fractions. Although the higher porosity of 
FB-dried granules might act as a promoter for brittle failure, a more integrated and 
uniformly distributed binder network could confer greater flexibility on the granule 
structure. In conclusion, the overall granule strength did not seem to depend exclusively on 
the drying process-induced contraction, that is, formation of pores and cracks, and its effect 
on the intragranular matrix. The strength was also dependent on the solute migration and 
the effect that changes in the solute concentration exerted on dry bridge strengths between 
constituent particles in the granule core and the granule outer layer.  
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Table 7.2. Dry Granule Strengths and Granule Failure Types 
 Dry Granule  
Strength (N) 
Brittle Failures (&) Ductile Failures (%) 
420–710 μm    
   Oven 25 °C 71 ± 3 14 86 
   Oven 40 °C 36 ± 7 8 92 
   Oven 60 °C 45 ± 2 12 88 
   FB 25 °C 40 ± 4 28 72 
   FB 40 °C 46 ± 3 26 74 
   FB 60 °C 36 ± 3 18 82 
710–1000 μm    
   Oven 25 °C 15 ± 1 6 94 
   Oven 40 °C 16 ± 1 12 88 
   Oven 60 °C 43 ± 1 38 62 
   FB 25 °C 29 ± 3 36 64 
   FB 40 °C 29 ± 2 36 64 
   FB 60 °C 19 ± 5 26 74 
1000–1680 μm    
   Oven 25 °C 18 ± 1 0 100 
   Oven 40 °C 14 ± 2 18 82 
   Oven 60 °C 28 ± 1 86 14 
   FB 25 °C 13 ± 2 26 74 
   FB 40 °C 15 ± 17 58 42 
   FB 60 °C 13 ± 1 40 60 
± Standard error, n = 50. 
7.4 CONCLUSIONS 
Intragranular migration of water-soluble compound and the effects of migration on granule 
structure on different sized granules were investigated using light microscopy and 
computerized X-ray microtomography. In addition, granule strength and granule failure 
types were assessed with a mechanical tester. ANOVA with a follow-up DA were employed 
to analyze the X-ray microtomography results. It was concluded that FB drying and oven 
tray drying produced granules with different structural and mechanical characteristics. FB 
drying produced more porous and complex structures than oven tray drying. However, the 
drying temperature was found to have only a minor effect on the variation between the 
sample sets. The migration of the water-soluble compound in FB was more restricted and 
yielded granules with a more homogeneous distribution of the marker compound at drying 
temperatures of 25 °C and 40 °C. However, drying at 60 °C caused significant migration 
toward the granule core. Oven tray drying at elevated temperatures lead to unipolar 
accumulation of the marker. The marker migrated more toward the topsides of the granules 
where most of the evaporation of the liquid took place because of the close packing of the 
granules on the tray. In addition, the FB produced granules that had more uniform 
strengths regardless of the drying temperature, where the strength of the oven tray- dried 
granules was clearly affected by the drying temperature. Smaller granules were stronger at 
108 
 
low drying temperatures, whereas larger granules were found to be stronger at higher 
drying temperature.  
The reason for the observed differences between the drying methods could be due to the 
liquid transport mechanisms. During FB drying, the critical moisture content of the granule 
was reached quickly, and the evaporating liquid front retracted inside the granule. Rapid 
evaporation inside the granule prevented granule shrinkage during drying. On the 
contrary, oven tray drying was characterized by a lower drying rate, and capillary suction 
was able to transport the liquid to the granule surface to allow evaporation. The shrinkage 
during oven tray drying reduced intragranular porosity, thus also affecting dry granule 
strength. As the amount of water-soluble compound was only 5% (w/w), which corresponds 
to approximately 3.3% of the total particle volume, it is unlikely that migration and 
precipitation of such a small amount could substantially affect granule structure. Instead, 
the observed differences are believed to be related to physical conditions related to the 
specific drying process. Depending on the desired end product characteristics of a wet 
granulation process, careful attention must be paid to the choice of the drying method and 
drying conditions if one wishes to avoid intragranular migration.  
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APPENDIX 7.1 
The List of Morphometric Parameters Obtained from the CT Analyser Software That Were 
Used in the Analysis 
 
Parameter Var. # 
VOI volume  1 
Object volume  2 
Percent object volume  3 
VOI surface  4 
Object surface  5 
Intersection surface  6 
Object surface-volume ratio 7 
Object surface density  8 
Structure thickness  9 
Structure separation  10 
Structure linear density  11 
Fragmentation index  12 
Centroid (x)  13 
Centroid (y)  14 
Centroid (z)  15 
Structure model index  16 
Degree of anisotropy  17 
Eigenvalue 1  18 
Eigenvalue 2 19 
Eigenvalue 3  20 
Fractal dimension  21 
Number of objects  22 
(Continues on the next page) 
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Parameter Var. # 
Number of closed pores  23 
Volume of closed pores  24 
Surface of closed pores  25 
Closed porosity (percent)  26 
Volume of open pore space  27 
Open porosity (percent)  28 
Total volume of pore space  29 
Total porosity (percent)  30 
Euler number  31 
Connectivity  32 
Connectivity density  33 
Intersection surface–VOI surface  34 
Object surface–VOI surface  35 
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8 Predicting Granule Size Distribution of a Fluidized Bed 
Spray Granulation Process by Regime Based PLS 
Modeling of Acoustic Emission Data5 
 
ABSTRACT 
Granule size distribution (GSD) is generally regarded as one of the most critical quality-
affecting attributes of a fluidized bed spray granulation process. Several process analytical 
techniques have been applied for in- and on-line monitoring of the GSD during the process. 
In this study, an acoustic emission technique was used for off-line prediction of the GSD. 
Acoustic spectra were recorded during 24 batch fluidized bed spray granulations. An off-
line analysis of the acoustic spectra was performed using partial least squares regression 
(PLSR). First, the acoustic data from the spraying phase was divided into separate regimes, 
each corresponding to distinctive physico-chemical conditions occurring during different 
stages of the process. Then, a synthetic calibration set was used to build, predictive models 
for GSD. The GSD could be predicted with good accuracy and precision. In addition, the 
option for using the acoustic emission technique as an early-warning system to detect 
process deviations was evaluated.  
  
                                                 
5 Adapted with permission of Elsevier from: Poutiainen S, Matero S, Hämäläinen T, Leskinen J, 
Ketolainen J, Järvinen K. Predicting granule size distribution of a fluidized bed spray granulation process by regime 
based PLS modeling of acoustic emission data Powder Tech. 228: 149-157, 2012. 
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8.1 INTRODUCTION 
Characterization of the end-product is a critical aspect of many pharmaceutical processes. 
The traditional approach to product quality regulation involves off-the line laboratory 
analysis of the final end-product but this has major disadvantages, i.e. high product 
rejection levels and a need for continuous optimization of the process. A change to this 
approach was launched by Food and Drug Administration (2004B). The FDA's PAT 
initiative provides a framework for designing processes in which the product quality is a 
built-in property rather than a measured component. This intrinsic quality of the product is 
ultimately achieved by improved process understanding and critical process and product 
attribute measurements with timely adjustments to the process parameters. Thus, by 
avoiding any process deviations during the manufacturing, the consistency of the end-
product can be ensured. 
Fluidized bed spray granulation (FBSG) is a commonly used process in the 
pharmaceutical industry to improve powder properties prior to subsequent processing, 
such as tabletting. However, the FBSG process is complex and difficult to control as both the 
process- and material variables affect each other in a cross-linked fashion (Ennis et al. 1991, 
Zhang et al. 2002, Hemati et al. 2003, Thielmann et al. 2008). In addition, changes in the 
primary particle size distribution and fluidization air humidity can evoke significant batch-
to-batch variation in the quality even though one tires to standardize the process and 
product variables (Hagsten et al. 2008). Therefore, it is difficult to establish a direct 
relationship between the process parameters and the critical granule attributes affecting the 
end-product quality. Although considerable work has been done on process understanding 
during the last decade and granulation processes are no longer entirely run by trial-and-
error (Iveson et al. 2001A), there is still a gap between the current knowledge of the 
granulation process at the mechanistical level and feasible process control. 
One of the prerequisites for the FBSG process control is a reliable method for monitoring 
the granule critical quality attributes. For wet granulation processes, several methods have 
been devised for monitoring both the granule moisture content and the granule size 
distribution (GSD), which are generally considered as the two most critical quality-affecting 
attributes. For in-line moisture content monitoring, near infrared spectroscopy (NIR) has 
been successfully used in fluidized bed spray granulators in several occasions (Frake et al. 
1997, Rantanen et al. 1998, Rantanen et al. 2000A, Rantanen et al. 2001). A few studies have 
been published considering the use of triboelectric probes for on-line moisture content 
monitoring of granular solid (Portoghese et al. 2005, Portoghese et al. 2008). However, the 
triboelectric probes were reported to be able to perform reliably only during the drying 
phase of the FBSG process. Optical measuring techniques have also been introduced for 
monitoring the GSD. These techniques include focused beam reflectance measurements, 
spatial filtering technique, NIR and image analysis (Watano and Miyanami 1995, Watano 
2001, Laitinen et al. 2002, Laitinen et al. 2004, Findlay et al. 2005, Rantanen et al. 2005, Hu et 
al. 2008, Närvänen et al. 2008A, Närvänen et al. 2008B). However, one major disadvantage 
of any optical method in the FBSG environment is its poor reliability. Intense agitation of 
the wet powder readily clogs the optical probe head or window and collecting 
representative spectra or image data becomes impossible. In addition, both NIR and image 
analysis methods are clearly affected by the granule moisture content, which further 
complicates the use of these techniques for GSD monitoring. 
However, the passive acoustic emission technique is a totally non-invasive monitoring 
technique, which does not require any orifices or inlets. The feasibility of acoustic emission 
monitoring for fluidized beds was introduced by Tsujimoto et al. (2000). Since then, it has 
been used in both fluidized bed and high shear wet granulators for different process 
monitoring purposes (Briongos et al. 2006, Halstensen et al. 2006, Jiang et al. 2007, Papp et 
al. 2008). However, there have been very few studies in which the acoustic emission 
technique has been used in predicting the granule mean size during fluidization (Matero et 
112 
 
al. 2009B,  Leskinen et al. 2010) and the moisture content during the FBSG process (Matero 
et al. 2009B). There has been only one study, in which the acoustic emission recorded during 
the nucleation phase of FBSG process was used to predict the GSD of the final end-product 
(Matero et al. 2010). Furthermore, there are no studies involving acoustic emission 
technology to monitor the evolution of GSD during the whole spray granulation process. 
The noise generated during the process by air turbulence due to fluidization and atomizing 
air pressure complicates the interpretation of acoustic signals. In addition, the AE technique 
is extremely sensitive to even minor process disturbances (Matero et al. 2009B). Moreover, 
the acoustic signals generated by granule-wall collisions depend not only on granule size 
and moisture content, but also on the other physical characteristics, such as velocity, 
density, porosity and composition, all of which affect the granule's overall elastic properties 
(Boyd and Varley 2001).  
8.1.1. Granule growth in wet granulators   
After the initial wetting and formation of granule nucleus, there are two main forms of 
granule growth, i.e. the induction growth and steady growth (Iveson and Litster 1998B, 
Iveson et al. 2001A). The induction growth is characterized by a period of no or little 
granule growth. It is usually seen in systems of fine powders or viscous binders, which both 
constitute strong granules (van den Dries et al. 2003). However, systems with more 
deformable granules exhibit steady growth behavior. In fluidized beds, granules are 
generally weak and thus deform more easily. Upon collision, these granules form a large 
area of contact, into which liquid binder is squeezed. If the deformation of the granule 
structure dissipates enough kinetic energy and the resulting liquid bridge is sufficiently 
strong to survive the shear forces in the fluidized bed, then the granules will grow steadily. 
This classification of the granule growth regimes is based on the system's liquid content, 
or the maximum pore liquid saturation, and impact deformation (Iveson and Litster 1998B). 
At low liquid contents, fluidized particles will only form nuclei. The nuclei will not grow 
further until the liquid content has increased to a level at which the liquid layer on granule 
surface can dissipate the kinetic energy of the colliding particles. On the other hand, liquid 
addition above the maximum pore saturation will result in over-wetting of the system. The 
impact deformation is expressed as a function of the collision velocity to the granule's yield 
stress. In the so-called weak systems, particles experience high deformation already at low 
collision velocities. With easily deformable particles, the liquid content just above the 
nucleation only regime is needed for the granules to grow steadily. On the contrary, strong 
systems are characterized with little or no deformation after the impact by the particles. 
These systems remain in the induction regime until at higher liquid contents the liquid layer 
is thick enough to dissipate the kinetic energy. After this, the granules grow rapidly. 
For weak systems it is not usually possible to separate the nucleation only regime from 
coalescence and granule growth. A homogenous binder distribution is not usually readily 
attained, and therefore some granule growth can be observed already at the very beginning 
of the process. In practice, the nucleation regime has been therefore defined as the time 
period during which particle–particle and particle–granule collisions are more frequent than 
granule–granule collisions (Matero et al. 2010, Hounslow et al. 2009).  
8.1.2. Granule growth kinetics   
In the steady growth regime, the granule size increases steadily as a function of the 
granulation liquid to solid ratio, or as a function of the process time if the granulation liquid 
addition rate is constant. As such, the evolution of the granule size is similar with the 
concentration changes of the reactive species in first order chemical reactions. Thus, by 
replacing the concentration component of the chemical reaction with a granule size 
descriptor (i.e. D(v,0.1), D(v,0.5) or D(v,0.9)), a granule growth rate kinetic constant can be 
defined according to Eq. (8.1). 
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where r is the granule growth rate, k is the kinetic constant, t is process time, and [A] is the 
granule size descriptor. After integration, the first order rate-law is expressed as 
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where [A]0 is a description of the particle size of the powdery starting material. Applications 
of the first order chemical rate law have been used previously to model granule growth 
kinetics in an iron ore sinter feed granulator (Litster 1990), and in a high shear mixer 
granulator (Benali et al. 2009). In fluidized beds, Matero et al. (2010) used first order 
chemical rate law to distinguish the nucleation from the steady growth regime. Even though 
accurate a priori descriptions of granule growth kinetics need far more sophisticated 
models, such as multidimensional population balance models (see e.g. Iveson 2002, Poon et 
al. 2008, Vreman et al. 2009), the modified first order rate law provides reliable information 
about the growth kinetics a posteriori. 
In this study, the acoustic emission technique is used to predict the D(v,0.1), D(v,0.5) and 
D(v,0.9) values from the GSD during fluidized bed spray granulation. The values refer to 
the size in microns at which 10%, 50% or 90% of the sample is smaller, as expressed in the 
relative distribution of volume of the granules. The off-line multivariate data analysis is 
based on the acoustic data collected during several batch granulations. A partial least 
squares (PLS) calibration is performed to the acoustic data with a synthetic calibration set. 
The calibration set is obtained by applying the first order chemical rate law to the measured 
data of the granule size descriptors at several pre-determined time points of the granulation 
process. Several PLS calibrations are carried out with each corresponding to different 
granule growth regimes. In addition, the acoustic emission technique can be used as an 
early-warning system for detecting process deviations.  
8.2 MATERIALS AND METHODS 
8.2.1. Materials  
A three-component powder mixture was used in the granulation. It consisted of 60 w/w % 
of ibuprofen (Ph.Eur. grade, Orion Pharma, Finland), 20 w/w % of lactose monohydrate 
(Orion Pharma, Espoo, Finland) and 20 w/w % of microcrystalline cellulose (Emcocel, 
Penwest Pharmaceuticals, Patterson NY, USA). The granulation batch sizes were 300 g. The 
granulation liquid was 15 w/w % polyvinylpyrrolidone (Povidone K-30) in grade II 
Millipore water (Elix-5, Millipore, USA). Approximately 150 g of binder liquid was used.  
8.2.2. Granulation set-up 
Granulations were carried out in a top-spray Aeromatic STREA-1 granulator (Aeromatic-
Fielder AG, Switzerland) with a custom-made granulation chamber. The granulator was 
equipped with inlet and outlet air relative humidity and temperature sensors (EE21 
temperature and relative humidity transmitter, E + E Elektronik, Engerwitzdorf, Austria), 
and mass temperature sensor (customized T-type thermocouple, Amestec Oy, Helsinki, 
Finland). In addition, the relative humidity of the ambient air was measured. The 
fluidization gas flow rate was measured from the outlet air exhaust port with an 
anemometer (MiniAir 6, Schiltknecht Messtechnik AG, Gossau, Switzerland). The 
fluidization air flow rate was approximately 18 m3/h at the beginning of the process, and it 
was increased up to 36 m3/h during the process in order to maintain proper fluidization. 
Parametric data was recorded with a multi-channel data logger (Squirrel SQ800, Grant 
Instruments Cambridge Ltd., Shepreth, U.K.). Granulation liquid was transferred by 
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STREA-1 peristaltic pump (Aeromatic-Fielder AG, Switzerland) at 5.0 ml/min rate through a 
0.8 mm nozzle at 0.6 bar pressure. A total of 24 granulations were carried out. Granulations 
were stopped at pre-set time points which were 150, 300, 450, 600, 750, 900, 1050 and 1200 s. 
The granular mass was oven-dried, and dry GSD was analyzed using laser diffraction 
(Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, England). Granule attrition 
during the laser diffractometer analysis was to be avoided by using a small low air pressure 
for the dry granule dispersion. In addition, the granule shrinkage during oven-drying was 
presumed to be minimal, and its effect on calibration data was considered to be 
insignificant. Granulations for each time point were performed in triplicate. In addition, the 
particle size distribution of the powdery starting material was measured in a similar 
fashion.  
8.2.3. Acoustic emission measurement  
An acoustic emission (AE) transducer (Vallen-systeme VS-150M wideband with 150 kHz 
resonance peak) was attached onto the outer surface of the granulation chamber, while 
silicon grease (Dow Corning DC 976 high vacuum grease, Kurt J. Lesker Company, 
Pittsburgh, USA) in the interface optimized the contact between the transducer and the 
chamber wall. AE signals were recorded with an ultrasound instrument consisting of an 
amplifier (Vallen-systeme AEP4), preamplifier (Vallen-systeme AEP3 with active 95–1000 
kHz bandpass filter) and 16 bit A/D-card (National Instruments, USB-6251M). The custom-
made measurement script was used with Matlab 7.3 data acquisition toolbox (The 
Mathworks Inc., Natick, USA). AE was recorded every 30th second at 2 s durations with a 
sampling rate of 1.25 MHz enabling the frequency range up to 625 kHz. Sampling rate was 
1.25 MHz. The recorded measurements were split into 50 consecutive streams and analyzed 
by fast Fourier transform algorithm (FFT) one by one. Finally, the 50 spectra gathered by 
FFT were averaged and subdivided into one 32 segment vector of AE frequency response 
between 50 and 625 kHz of the current time point. It has been shown in earlier studies that 
this segmentation does not cause any loss of critical information (Matero et al. 2009B, 
Matero et al. 2010).  
8.2.4. Data and pre-processing  
8.2.4.1. The X matrix 
The data set consisted of the AE spectra gathered every 30 s during the 24 fluidized bed 
spray granulation batches of varying lengths. In addition, process variables were included 
in the X matrix. The process variables were inlet and outlet air relative humidities and 
temperatures, mass temperature and fluidization gas flow rate. 
8.2.4.2. The Y matrix 
The response Y data matrix of the calibration data set included all the observations with 
calculated D(v,0.1), D(v,0.5), and D(v,0.9) values. The need for this so called synthetic 
calibration set transpired from the fact that the granulation process constantly produces 
acoustic signals, while information on the GSD could be obtained only by terminating the 
process and analyzing the dried end-product. For example, for a granulation process lasting 
1200 s, the AE measurement system would record 39 spectra (one every 30th second) 
without any response variables, while only the last recorded AE spectrum can be 
considered to actually correspond to the measured GSD. As a consequence, the data matrix 
obtained using the laser diffractometer would have a total of 95.7% of missing values for the 
size distribution descriptor variables. For such small data sets (i.e. data matrices less than 
100 × 100), most algorithms only perform reasonably well with up to 20% of missing values 
(Nelson et al. 1996, Kettaneh et al. 2005). 
One way of handling the missing values is to determine an estimate of the missing data. 
In this study, the missing GSD data was replaced by data obtained using Eq. (2). First, the 
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kinetic constant k for the granule growth was calculated for each GSD descriptor and for 
each batch independently. Next the kinetic constant was applied in the calculation of the 
corresponding value of the size distribution descriptors for each observation (i.e. AE 
measurement time point) for each batch. Thus, the synthetic Y data matrix was obtained 
(see Fig. 8.1), which was then used as the calibration set for the model. 
 
 
Figure 8.1. Illustration for generating the synthetic calibration. Applying the first order chemical 
rate law, a granule growth rate constant k for each batch is obtained, which is used to calculate 
the corresponding granule size descriptor value for each observation (i.e. AE measurement time 
point). [A]0 is the measured value of the size descriptor from the powdery starting material, [A] 
is the measured value of the dried end-product of each batch. 
 
The calibration model performance was evaluated by an external test set, which consisted of 
the last recorded AE measurement and process variables in the X data matrix and the 
measured GSD descriptors in the Y matrix. All the data analyses were carried out using 
LatentiX data analytical software version 2.00 (Latent5, Copenhagen, Denmark). The data 
was mean-centered and scaled to unit variance prior to the analysis in order to normalize 
the weight which each variable has in the model. The dimensionalities of the models were 
selected by comparing the root mean square error (RMSE) of the calibration with the RMSE 
of cross-validation (CV). Four batches (450s3, 600s2, 900s1 and 1050s2) were removed 
entirely from the final calibration models. Two batches (450s3 and 600s2) yielded a bimodal 
and unusually large GSD (see Table 8.1), while batches 900s1 and 1050s2 displayed deviant 
moisture content profiles (see Fig. 8.2). An estimation of the granular mass moisture content 
was obtained by calculating the difference of the moisture contents in air-streams entering 
and leaving the process vessel using an equation by Bolton (1980). Outliers were detected 
and the cause for the outlying behavior was assessed by inspecting the raw data before a 
decision about removal was made. Typical reasons for the outlying behavior were random 
peaks and irregularities in some of the process variables. 
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Table 8.1. Measured D(v,0.1), D(v,0.5) and D(v,0.9) values. 
Batch D(v,0.1) D(v,0.5) D(v,0.9) 
0sa 19.64 61.09 180.44 
150s1 28.70 94.55 216.21 
150s2 27.02 87.07 204.16 
150s3 26.90 87.50 206.72 
300s1 37.53 113.86 242.49 
300s2 33.33 106.26 278.46 
300s3 35.47 114.27 287.48 
450s1 44.93 129.27 274.07 
450s2 45.22 132.93 281.41 
450s3 53.82 248.19 1056.32 
600s1 54.98 159.34 370.29 
600s2 59.28 236.45 849.16 
600s3 57.48 164.28 358.53 
750s1 52.34 165.50 425.67 
750s2 60.08 186.46 419.54 
750s3 45.61 154.16 389.15 
900s1 92.34 263.52 618.51 
900s2 69.73 200.50 473.81 
900s3 66.22 204.23 478.75 
1050s1 84.59 266.08 556.48 
1050s2 87.90 283.24 635.68 
1050s3 93.75 284.84 587.47 
1200s1 130.93 375.19 760.45 
1200s2 113.59 359.34 777.40 
1200s3 96.74 309.22 673.79 
6 powdery starting material 
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Figure 8.2. Moisture content (%w/w) profiles for the triplicate batches of equal lengths, each 
containing one batch removed from the calibration set. (a) 450 s (b) 600 s (c) 900 s (d) 1050 s 
― 1st batch - - - - 2nd batch ∙∙∙∙∙∙ 3rd batch. 
 
8.3 RESULS AND DISCUSSION 
8.3.1. Regime based modeling of the GSD  
In the first approach for predicting granule size, the PLS models for D(v,0.1), D(v,0.5), and 
D(v,0.9) granule size descriptors were constructed using all the time points (0–1200 s) 
available. Four PLS components were used in each model, which explained 80.4, 81.1 and 
83.0% of the total variation in the Y matrix, respectively. The predicted versus measured 
D(v,0.1), D(v,0.5), and D(v,0.9) values for the test sets are illustrated in Fig. 8.3a. The 
standard deviations for the measured values with the R2X, R2Y, RMSEP, SEP, bias and RPD 
are shown in Table 8.2. It can be seen that the correlation between the measured and 
predicted values is low, especially after 750 s. In addition to poor accuracy, the precision 
(quantified by RMSEP) is very low throughout the model. The batch-to-batch variation in 
GSD, expressed as the standard deviation of the granule size descriptors, increases 
noticeably with the process time. Since the data points were all used in the calibration, the 
increase in the variation between batches toward the end of the process has a major adverse 
effect on the accuracy throughout the whole model. Although FBSG process is known to be 
susceptible to batch-to-batch variation (Kristensen and Schæfer 1987, Rantanen et al. 2000B, 
Närvänen et al. 2008B, Lipsanen et al. 2007), the uncertainties in the data reduce the 
correlation to such an extent that the model has no practical value.  
However, in the recent study by Matero et al. (2010), GSD of the FBSG end-product was 
predicted using acoustic data recorded during the nucleation regime only. Since the 
physico-chemical and mechanistic properties of the agglomerates and granules are different 
during the nucleation in the steady-growth regime, the acoustic signals generated by 
granules to chamber wall impacts and friction are also inherently different. Moreover, it has 
been found that in some instances, the steady growth regime can be further divided into 
two regimes depending on the ratio of free primary particles and small agglomerates to 
larger granules (Poutiainen et al. 2011). The granule growth mechanism changes with the 
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disappearance of the free primary particles from the system and a concurrent increase in the 
saturation level above a certain critical limit. Therefore, the spraying phase of a FBSG 
process could be divided into 2–3 regimes depending on the distinct physical characteristics 
of each regime. Thus, a better approach for building predictive models for GSD would be to 
cluster, or divide the calibration set into sub-sets corresponding to different regimes, and to 
construct a model for each regime separately. 
 
 
Figure 8.3. Observed versus predicted values for D(v,0.1), D(v,0.5) and D(v,0.9). (a) The model 
used for the predictions was calibrated with data set containing measurement points from 0 to 
1200 s. (b) The two models used for the predictions were calibrated with 0–450 s and 480–1200 
s data sets, respectively. (c) The three models used for the predictions were calibrated with 0–
450 s, 480–750 s and 780–1200 s data sets, respectively. Left D(v,0.1), middle D(v,0.5), right 
D(v,0.9). 
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Table 8.2. PLS model statistics 
Model Stdeva RX RY RMSEP SEP Bias RPD 
0–1200 s 
D(v,0.1) 29.69 0.80 0.80 6.07 6.07 −0.0076 4.89 
D(v,0.5) 89.49 0.81 0.81 18.27 18.29 0.039 4.89 
D(v,0.9) 181.35 0.83 0.83 36.56 36.6 0.071 4.96 
0–450 s 
D(v,0.1) 7.38 0.84 0.84 2.14 2.14 0.016 3.49 
D(v,0.5) 17.69 0.82 0.82 6.51 6.52 0.046 2.71 
D(v,0.9) 35.74 0.81 0.81 13.61 13.64 0.099 2.62 
480–1200 s 
D(v,0.1) 25.81 0.82 0.83 4.88 4.9 0.0045 5.27 
D(v,0.5) 77.12 0.82 0.83 15.14 15.2 0.0359 5.07 
D(v,0.9) 145.42 0.83 0.83 27.75 30.39 0.1303 4.79 
480–750 s 
D(v,0.1) 5.55 0.72 0.73 3.25 3.27 0.071 1.70 
D(v,0.5) 12.31 0.73 0.71 10.25 10.31 0.3411 1.19 
D(v,0.9) 29.54 0.72 0.72 18.97 19.1 0.5409 1.55 
780–1200 s 
D(v,0.1) 21.49 0.86 0.88 4.92 4.98 0.012 5.70 
D(v,0.5) 63.55 0.82 0.84 14.79 14.98 0.0218 4.24 
D(v,0.9) 115.90 0.87 0.86 25.98 26.33 0.0891 4.40 
a Standard deviation of the measured values in the data range (cf. Table 1). 
 
In the second approach, the data was clustered into nucleation and steady growth 
regimes. The nucleation regime contained data points from 0 to 450 s, while the steady 
growth regime contained data points from 480 to 1200 s. The nucleation regime was found 
to last for approximately 450 s in a study using identical granulation and material set-ups 
(Matero et al. 2010). Therefore 450 s was chosen as the demarcation point between the two 
regimes, and the models were calibrated using the respective regime associated data sets 
only. A PLS model for each granule size descriptor was constructed using data from the 
nucleation regime only, i.e. 0–450 s. Next, models were calibrated with the steady growth 
regime data (480–1200 s). Again four PLS components were used for each size descriptor 
calibration model. The measured vs. predicted values for the granule size descriptors are 
shown in Fig. 8.3b. It can be seen that the predicted values for the GSD size descriptors at 
900 s and 1200 s have poor accuracy. However, while the amount of variation explained is 
similar to the 0–1200 s model (Table 8.2), the RMSEP is significantly lower in both the 
nucleation and steady growth regimes, which is indicative of better precision. 
In the third approach, the data set was divided into three sets. The nucleation regime 
contained data from 0 to 450 s as in the previous approach. However, the steady growth 
regime was divided into two sub-regimes. In a study using identical granulation set-up, the 
granule growth mechanism was found to change from layering of primary particles to 
coalescence of agglomerates approximately at 750 s (Poutiainen et al. 2011). Since the change 
demarcates two distinct physico-chemical conditions that the system is undergoing, the part 
from the data set corresponding to steady growth regime was divided into two sub-sets at 
750 s. The first sub-regime contained data from 480 to 750 s, and the other contained data 
from 780 to 1200 s. The results are shown in Table 8.2 and Fig. 8.3c. Both the precision and 
accuracy of the predictions are significantly better and there is a good correlation between 
the observed and the measured GSD descriptors. Since the data sets used in calibration are 
substantially smaller in the 480–750 s and 780–1200 s models, the more extreme samples 
have more weight, which increases the error and makes the models more susceptible to 
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batch-to-batch variation. Despite the increased susceptibility to batch-to-batch variation, the 
3-regime based PLS models perform well. 
Despite the good fit of the observed and predicted values, the SEP/RMSEP values are 
rather large for some of the models. However, a model can be only as good as is the original 
data, and wet granulation process is known to be prone to extensive batch-to-batch 
variation (MacGregor 1997, Kjeldahl and Bro 2010). Evaluating model performances in 
terms of the variation in the data set can be done using the ratio of standard deviation of the 
reference values to RMSEP, i.e. the ratio of performance to prediction (RPD). Since the 
RMSEP represents the standard deviation between the observed and predicted values, the 
ratio of standard deviations to RMSEP values indicates the precision of the predictions for 
calibration data sets which contain distinctive (batch-to-batch) variation. A reliable model in 
terms of the model precision should always have RMSEP value lower than the standard 
deviation of the reference values. Although the separation of reliable and non-reliable 
models using RPD is based on arbitrarily set threshold values, i.e. model with a RPD value 
larger than 2 is usually considered reliable (Bellon-Maure et al. 2010). The RPD values are 
shown in Table 8.2. In general, the models are precise in terms of RPD values except for the 
models calibrated using the data from the first sub-set of the steady growth regime (i.e. 480–
750 s). The 480–750 s regime models are more susceptible to larger error term due to the 
small size of the calibration data set. Also, it should be noted that the RPD values for the 
models obtained using the first approach are strongly influenced by the large variation in 
the GSD descriptors between batches of extreme processing times. In conclusion, when the 
batch-to-batch variation in GSDs is taken into account, overall a high precision was 
obtained. However, only the 3-regime based models demonstrated high accuracy as well. 
The examination of the regression coefficients of the models shows which variables are 
important for the modeling of Y. The regression coefficients for modeling of D(v,0.5) in 3 
process regime based models are shown in Fig. 8.4. It is noteworthy that the process 
variables are clearly important in all of the models. In particular in the nucleation regime (0–
450 s) model, process variables have larger regression coefficients than any of the AE 
frequency segments. During the nucleation regime, the first five AE segments (i.e. 50–140 
kHz) are most important in modeling the response. For the 480–750 s model, AEs from the 
frequency range of 50–460 (f1–f22) kHz are important in modeling the D(v,0.5), while for the 
780–1200 s model, the frequency range of 500–625 kHz appears to be more significant. The  
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Figure 8.4. Examples of regression coefficients for the three models used in predicting D(v,0.5). 
(a) 0–450 s data set. (b) 480–750 s data set. (c) 780–1200 s data set. 
 
regime-specific trends in regression coefficients for the D(v,0.1) and D(v,0.9) values are 
similar to those obtained in modeling D(v,0.5) (data not shown). However, even though the 
process variables have large regression coefficients in each regime, the models do not 
perform well with the process variables only. Without the AE segments included in X 
matrix, the R2X and R2Y are significantly reduced, meaning that the models would be 
impractical. 
8.3.2. Acoustic warning of process deviations  
However, the predictive capabilities of the regime-based models depend greatly on the 
repeatability of the granulation process itself. The batches selected for the model and test 
sets were operating during the steady growth regime without any disturbances. Due to the 
similar process conditions, the acoustic signals and the process variables are sufficiently 
similar so that a predictive model could be constructed. However should the process 
proceed in an unwanted direction, the changes in the acoustic signals or process variables 
would most likely cause the observations in the predictive set to move further away from 
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the X model plane, which would weaken the model. In an attempt to overcome this 
limitation, the training set should contain observations from every possible process 
situation, so that the granule size distribution could also be predicted during unwanted 
process conditions. Developing such a model would probably take a long time, as batch-to-
batch, and even season-to-season variation would need to be included. Although such a 
large and extensive model set would give a poorer prediction power, it would be far more 
versatile. 
In addition to predicting the GSD at given time points, the acoustic emission technique 
could be applied for monitoring the general process state in relation to the granule size 
distribution with the aim of developing a so-called “early-warning” system. If the objective 
of process monitoring is shifted from collecting absolute quantitative values to qualitatively 
analyzing the process state and trends (Leskinen et al. 2010), apparent sensibility of the 
technique with appropriate multivariate methods makes it an ideal general warning system 
for detecting deviations from the acceptable granule size distribution range. One convenient 
way to relate trends in the process state to specific process conditions is to project the data  
 
 
 
Figure 8.5. U vs. T plots of the 0–450 s model for predicting D(v,0.5). (a) Model without the 
abnormally behaving batches 450s3 and 600s2. (b) Model with the abnormally behaving batches 
450s3 (green markers) and 600s2 (red markers). The deviating behavior of the two batches can 
be detected. 
 
123 
 
as score plots, which are useful in identifying deviations in the systematic part of the data 
(Nomikos and MacGregor 1994, Wise and Gallagher 1996, MacGregor 1997, Kourti 2005). 
The outliers can be transient problems in the process, or more continuous shifts in the 
process state. The U vs. T plot shows the degree of linearity between the scores from X and 
Y matrices, where the T score is the score of the X space and the U score is the score of the Y 
space. If the PLS latent variables are well correlated in the X and Y space, the observations 
lie close to the diagonal line in the plot with minimal scatter around the line. Fig. 8.5 shows 
an U vs. T plot for the D(v,0.5) in the nucleation regime (0–450 s) with (Fig. 8.5b) and 
without (Fig. 8.5a) batches 450s3 and 600s2. As shown in Table 8.1, these batches had 
abnormally large GSD. It can be seen (Fig. 8.5b) that after approximately 250 s, the 
abnormally behaving batches begin to diverge from the other batches. Even though the GSD 
depends not only on the moisture content of the system, but it also is a function of many 
process variables and starting material properties, it is interesting to note that the moisture 
content of the 450s3 batch begins to increase (Fig. 8.2a) before the degree of fit between X 
and Y begins to deteriorate. An increase in the moisture content appears to affect the GSD, 
which can be detected with the AE technique. On the other hand, the abnormal GSD of the 
600s2 batch is most likely not being caused by excessive moisture, as the moisture content 
profile of the batch is similar as the others with the same process length. However, the 
unexpected behavior of this batch can be seen in the U vs. T plot, since that type of 
exceptional process behavior was not present in the calibration data used in the PLS model 
development. 
8.4 CONCLUSIONS 
Timely measurements of critical quality parameters are considered as one of the 
prerequisites for on-line process control. Most of the granule size distribution monitoring 
methods for fluidized bed spray granulation processes have been designed to perform 
either at-line or on-line, and the technological solutions for achieving totally non-invasive 
in-line monitoring methods are still needed. In this work, the acoustic emission technique 
was used to monitor the evolution of granule size distribution during fluidized bed spray 
granulation process. By applying off-line analysis of the acoustic spectra using the PLS 
method, it was possible to predict D(v,0.1), D(v,0.5), and D(v,0.9) values from the granule 
size distribution. The calibration was conducted with a synthetic data set, which was 
obtained by applying first order chemical reaction rate kinetics as a way of modeling 
granule growth. In addition, with a priori knowledge of the process evolution, the PLS 
model performance was greatly enhanced by modeling distinct sub-processes, or regimes, 
separately. By dividing the process into three regimes, it was possible to standardize those 
conditions which influence the formation of AE signals also, and to build feasible predictive 
models with good accuracy and precision for granule size distribution became feasible. 
However, the AE signals were recorded from granulation processes operating in the steady 
growth regime without any process disturbances. One can only speculate whether the AE 
technique is a suitable choice when accurate and exact values describing the granule size 
distribution under varying process conditions are needed, since the models would need an 
extensive data set covering every possible process state. In addition to measuring precise 
physical product parameters, the AE technique was also applied as a general process 
evaluating tool with the aim of developing an “early warning” for permanent process shifts 
or deviations. This type of information could be used to operate the process more efficiently, 
with the objective of avoiding shutdown situations. In conclusion, the totally non-invasive 
nature and sensibility means that the AE technique is a feasible option either for a specific 
monitoring method for some product quality attributes or a more general early-warning 
system. The fundamental message in the FDA's PAT initiative was approached in this 
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study, as the need for a priori process knowledge and understanding was crucial in the 
successful implementation of this AE-based process monitoring method.  
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9 General Discussion and Future Prospects 
Wet granulation is often a necessary unit operation in the manufacturing of pharmaceutical 
solid dosage forms. Despite its importance for the manufacturing chain, granulation is still 
conducted in empiric fashion (Flore et al. 2009). It is difficult to build first-principles –based 
models for wet granulation, not only because of the inter-related nature of the process 
variables, but also because of the vast amount  of raw materials from all the different classes 
of solids, and the differences in operation and geometry of the many granulators available. 
The result has been that there is a gap between the level of quality required for the granular 
product and the process capability (Blackburn et al. 2011). While the product is expected to 
be at the level of six-sigma, the manufacturing processes perform at a sigma level of about 
three (Valþórsson 2006). The bridge over this gap of incompatibility is sought from QbD, 
which requires the use of PAT tools and principles. 
The general objective of this work was to implement an in-line process analyzer based on 
an AE technique for a lab-scale fluidized bed spray granulator with the focus of real-time 
monitoring the two most important CQAs of a granulation process, i.e. granule size 
distribution and granule moisture content. The AE technique is widely used as a non-
invasive testing method for tool and product defects in machining processes, but due to the 
difficulty in extracting physical or chemical information from the acoustic spectra it has not 
been used extensively as a (pharmaceutical) process analyzer. However, the method is very 
sensitive, and could be exploited in detecting even subtle changes in the process trajectory. 
First, the feasibility of the AE technique as a monitoring method for granule size 
distribution was examined by fluidizing different granule sieve fractions, and using PCA to 
classify the granules by their corresponding AE spectra. Next, predictive models were 
created using PLS for the mean granule size of the granule sieve fractions and blends 
consisting of two different sieve fractions. For the prediction of granule moisture content 
during the granulation process, process variables were also needed for the predictions. In 
addition, the high sensitivity of the method was demonstrated, albeit by the fortunate 
coincidence of a misplaced small piece of rubber gasket inside the granulation chamber. 
Although the processing conditions were otherwise identical, this small defect altered the 
AE spectra, thus increasing the residuals (i.e. part of the data not explained by the model). 
In process analysis, residuals are useful in detecting new types of process events, which are 
not present in the model (Kourti et al. 1995, Ergon et al. 2011). It is unlikely that the 
abnormal process condition could have been detected with optical process analyzers (e.g. 
NIR) or by the means of process variables alone, at least in the early stages of the process.  
However, the sensitivity of the AE technique makes it extremely difficult to extract 
precise physico-chemical information from the spectra. This is complicated by the changing 
kinetics of the wet granulation process (Le et al. 2009). After the initial wetting and 
nucleation, the process becomes gradually more turbulent, even indeterminent. This means 
that in terms of defining a design space for a wet granulation process, the upper and lower 
control limits have to expand as the process matures. Nonetheless, it has been observed that 
the initial nuclei size distribution corresponds to the end-product size distribution, if the 
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process trajectory stays within the control limits. In this work, the time period was 
determined during which the wetting and nucleation rate process were dominating the 
process. Next, the AE spectra collected during the wetting and nucleation only were used to 
predict the end-product cumulative size distribution.  The predictive model was created 
using N-PLS. Although this approach established the information content in the AE spectra 
regarding granule size distribution, and that GSD information is indeed extractable with the 
appropriate methods, this application is not suitable alone for process monitoring since out-
of-specifications situations, machine malfunctions etc. can occur also at the later stages of 
the process. However, the model calibrated only with the AE data gathered during wetting 
and nucleation period could be succesfully used as a PAT tool by increasing process 
understanding. First, the duration of the wetting and nucleation rate process could be 
established (or rather, the time during which the wetting and nucleation dominate over the 
other rate processes), and second, it is possible to detect the different rate processes using 
the AE technique. The AE techniques sensibility to detect such differences in the physico-
chemical characteristics of the product suggests that an ease in AE data interpretation could 
be achieved by dividing the data into blocks or clusters (Kettaneh et al. 2005).  
Implicitly the data segmentation into blocks should follow the demarcation lines between 
the three rate processes, i.e. wetting and nucleation, growth and consolidation and finally 
the attrition and breakage. However, the attrition and breakage occur mostly during the 
drying phase, and including it as a data segmentation block during the wetting phase 
would not be reasonable. Most of the first-principles regarding wet granulation kinetics and 
thermodynamics during growth and consolidation are obtained from high shear mixer 
granulation and drum granulation, which are then generalized to fluidized bed spray 
granulation (Iveson et al. 2001A). From the first-principles, it follows that the inhomogeneity 
phenomenon complicates wet granulation in a high shear mixer. However, the phenomenon 
in a low-shear environment has not gained much attention. In this work, the inter- and 
intragranular drug particle distributions during fluidized bed spray granulation were 
assessed by means of X-ray microtomography and confocal Raman spectroscopy. Unlike the 
situation in high shear mixer granulation, the inhomogeneity was ultimately caused by 
particle segregation during fluidization. Moreover, at a distinct process maturity level, the 
homogeneity improved considerably as the system changed from growth by layering to 
growth by coalescence of agglomerates. This transition was accompanied by a change in the 
product structure and morphology, thus indicating a physico-chemical demarcation in the 
wetting phase data.  
The inhomogeneity of drug particles was investigated further. Since many of the drug 
particles used in solid oral dosage manufacturing are water soluble (Takagi et al. 2006), the 
solute migration during drying may be another cause for inhomogeneity in the granular 
product. In this work, the intragranular solute migration during fluidized bed and oven 
drying was studied using X-ray microtomography. Oven tray drying caused a migration 
towards the granule outer layer, thus increasing the risk of drug content loss had the 
product been subject to attrition. On the other hand, drying in fluidized bed caused no 
solute migration, except at high drying temperatures during which the solute migrated 
towards the granule core. The deviating migration tendency between the two drying 
methods is caused by different liquid transport mechanisms, which depend on the drying 
rate. The migration tendency also affects granule strength.  
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With the establishment of distinct demarcation points in the wetting phase data (i.e. end 
of wetting and nucleation rate process, and the transition from growth by layering to 
growth by coalescence of agglomerates), it became possible to segment the data in such a 
way that predictive models for granule size distribution descriptors could be build. The 
models were calibrated using a synthetic data set obtained by applying first order chemical 
reaction rate kinetics to model granule growth. In addition to the predictive models, a 
regime-based approach was used to demonstrate “early-warning” capability of the acoustic 
emission technique. It was shown that the degree of fit between the acoustic signals and 
GSD descriptors began to deteriorate with two batches which had an abnormal bimodal 
granule size distribution. The loss of the degree of fit was shown to coincide with an 
unexpected increase in granule moisture content. However, the calibration data set was 
acquired from batches operating at normal conditions. The calibration data set for a real-
time process analyzer would require enormous data sets containing every possible process 
condition, OOC situation and process anomalies. This kind of model would need to be 
robust enough for the purpose of industrial scale manufacturing, but accuracy and precision 
would suffer.  
This study describes one approach to implementing PAT tools and principles into 
fluidized bed spray granulation process. The starting point was to develop a process 
analyzer based on AE technique. However, off-line analysis of the AE data revealed 
significant gaps in process understanding. By conventional off-line (process) analytics, new 
information on the product behavior during processing was gained. Application of this 
process knowledge made it possible to predict the evolution of product CQAs using the AE 
technique. Ultimately, this study did not provide an implementable process analyzer as 
much as new process understanding and calibration solutions to a wet granulation data. In 
addition, it is important to recognize the conceptual difference between process analysis 
and product CQA analysis. Most process monitoring applications, even if they are 
performing in-line and with real-time data acquisition capabilities, are not analyzing the 
process, but instead are analyzing some single CQA, e.g. granule size distribution or 
moisture content. Only if the process state, i.e. trajectory, could be unambiguously deduced 
from that single CQA, which is rarely the case, would product CQA analysis also become a 
de facto process analysis. Since product quality is virtually always a multivariate property 
(MacGregor 1997), a single CQA may be well within the control limits, while the process 
trajectory may have moved out of its specifications due to some interaction effect of the 
process variables and product parameters. Thus measuring one or many CQAs is not 
process analysis, unless the information is used to determine the process state. However, 
product CQA analysis can facilitate process understanding and aid in the formulation of 
design space, which are ultimately needed for QbD and are important operating principles 
in PAT. However, once the design space has been established, product CQA analysis 
becomes obsolete. Instead, an analyzer is needed that can ensure that the process trajectory  
describing the multivariate product quality remains within the control limits of the design 
space.   
If exact values of a CQA are needed, the applicability of AE technique in fluidized bed 
spray granulation is questionable. AE detects activities inside the product vessel (i.e. “what 
is occurring”) instead of providing direct physico-chemical information. Moreover, the 
acoustic signals propagate in all directions (Wade et al. 1991). The sound waves traversing 
to the sensor contain components resulting from particle-wall impacts and the friction 
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across the whole product vessel. Since it is able to detect phenomena far away from the 
sensor, it does not suffer from biased sampling unlike those sensors relying on optics. 
Considering the monitoring of the fluidized bed spray granulation process, which is a 
fusion of different rate processes occurring simultaneously but with different probabilities 
in a certain point in the process trajectory, the AE technique holds a great potential for 
analyzing the process as a whole. Since the changes in kinetic and/or thermal energies are 
different in each process state, they constitute distinctive AE spectra, or a distinctive average 
of spectra for several batches, on the trajectory. By setting control limits, the AE technique 
could be resolved into a warning system for pending OOS situations or other unexpected 
disturbances.   
The conventional approach to multivariate process control is based on the multivariate 
process control charts, such as Hotellings T2 and SPE (Squared Prediction Error) (Miletic et 
al. 2004). When an out-of-control situation is detected by the control chart statistics, the 
contribution plots can be used to detect which process variables are related to the fault 
(Kourti 2005). The difficulty is that the variables revealed by the contribution plots may not 
describe the cause of the fault or OOS situations, but they merely represent a signature of 
such a fault. In this approach, the process is controlled by reducing the emergent whole to 
the simple univariate interactions of process variables. The models created in this work, 
both the linear regression models found using PLS and the mechanistic descriptions of 
granule growth behavior in fluidized beds, need to be approached with soft systems 
thinking. Rather than being viewed as a strict representation of reality, the models should 
be employed in a heuristic fashion to generate process understanding (Flood 2010). In other 
words, the models should assist in interpreting what is relevant in the process and in 
product quality. The often encountered reductionistic approach to the wet granulation 
process has been challenged already with regime maps describing nucleation and granule 
growth (Iveson et al. 2001A). The regime maps are examples of models based on soft 
systems thinking as they provide heuristic descriptions about what is happening in the 
process as a whole. The process control could be facilitated by adapting an integration of 
heuristic models in a similar fashion as the use of heuristic regime maps have facilitated the 
operation and control of wet granulators in R&D settings (Hapgood 2007). By developing 
hybrid models, which include process knowledge as a first-principle based models 
combined with data-driven empirical approaches filling in the gaps in the process 
knowledge, the process control could also be approached heuristically (Gernaey and Gani 
2010).  Hybrid models tend to be more robust, accurate and scalable to larger dimensional 
problems (Galvanauskas et al. 2004).  Since the AE technique is able to detect transitions 
from one rate process to another, it could be employed as soft systems based process 
analyzer, relying both on the empiristic “rules-of-thumb” models as well as on first-
principles based kinetics. In retrospect, a modest application was attempted already in this 
study, but with a misplaced focus. The focus needs to be shifted away from the sensors and 
product quality attributes to reasoning the process. 
 
  
129 
 
10 Summary and Conclusions 
A passive AE technique was implemented as an in-line process analyzer for a lab-scaled 
fluidized bed spray granulation process. Due to the difficulty in interpreting AE spectra, 
process understanding had to be expanded by conventional off-line process analytics. By 
combining process knowledge, the AE technique could be applied as a process analyzer. 
The following conclusions can be drawn from this study:  
 
I. The AE technique could be applied as a totally non-invasive, in-line process 
analyzer with real-time data collecting capabilities for fluidized bed spray 
granulation process. With proper data-mining, information on granule moisture 
content and granule size could be extracted from the AE spectra. 
II. The exact length of the wetting and nucleation phase of the fluidized bed spray 
granulation process was determined. AE signals collected during the wetting and 
nucleation phase could be used with multi-way data analysis to predict the end-
product granule size distribution. 
III. Fluidized bed spray granulation induces inhomogenous distribution of particles 
between granule sieve fractions. This inhomogeneity phenomenon was extensive 
at the beginning of the process, but decreased as the process matured. There were 
changes in the intragranular structures towards increased porosity as the process 
matured. The inhomogeneity was attributable to particle segregation, but was 
mitigated by a change in granule growth mechanism.  
IV.  Water soluble compounds migrated during fluidized bed and oven tray drying. 
Low drying rate induced solute flow towards granule outer crust, while a high 
drying rate had either no influence or the opposite effect on the direction of the 
solute flow. The drying rate is determined by the choice of dryer. The drying 
temperature had only marginal effect on the solute migration. However, the 
drying temperature affected the strength of granules dried in the oven, while the 
granules dried in the fluidized bed had a more uniform strength. 
V. By dividing the AE data into regimes of distinct length based on the physico-
chemical characteristics of granular product in each regime, a PLS regression 
could be created between AE spectra and granule size distribution during the 
process. A calibration data set could be synthesized by applying first order 
chemical rate reaction kinetics with which to model granule growth. In addition, 
the AE technique could be utilized as an early warning system to detect out-of-
specification situations, e.g. abnormal granule growth due to increased moisture 
intake.  
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Fluidized Bed Spray Granulation Process 
Monitoring by Acoustic Emission
In-line process analyzers are essen-
tial for the implementation of Quality 
by Design concept into pharmaceu-
tical manufacturing. In this thesis, 
acoustic emission technique was used 
to predict particle size distribution 
and moisture content during fluid-
ized bed spray granulation process. 
In addition, the technique could be 
applied as an early-warning system 
for process deviations. Calibration 
of the predictive models required 
the determination of granule growth 
mechanics.
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